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ABSTRACT

This paper describes the results of a study of the carbonate gangue in 

the silver-base metal ore deposit of the Creede mining district, located in 

Tertiary volcanic rocks of the central San Juan Mountains, southwestern 

Colorado. Two carbonate stages can be distinguished and defined on the 

basis of mineral association, compositional range and position in the 

sequence of ore deposition. Electron microprobe analyses show that the 

early pre-ore carbonate stage is comprised of rhodochrosite with a composi 

tional range of 68 to 93 mole percent MnCO-, 7 to 32 mole percent FeCO , 

2 to 15 mole percent CaCO^, and 0.5 to 4 mole percent MgCO-. The later 

intra-ore carbonate stage is made up of siderite-manganosiderite with a 

broad range of iron content (33 to 94 mole percent FeCO_; 6 to 67 mole per 

cent MhCO ; 1 to 13 mole percent CaCO ; and 1 to 10 mole percent MgCO-). 

Both carbonate stages are spatially restricted within the vein system, the 

rhodochrosite limited to the southern third and the siderite limited to the 

northern two-thirds. The two stages have not been found at the same sample 

locality.

The two stages of carbonate define two of the five main depositional 

stages in the history of the Creede hydrothermal system and thereby 

document broad scale variations within the depositing, and continually 

evolving fluids. However, the complexity of the textural and mineralogical 

variations within each carbonate stage limits their usefulness in unraveling 

the finer details of the character of the ore fluids. The frequently 

massive rhodochrosite has undergone several periods of leaching and regrowth
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which, except at one locality, cannot be resolved by compositional, textural 

or color variations. Although some compositionally zoned siderite rhombs 

have been documented, the siderite, too, has had a complicated history of 

leaching and regrowth. The zoning indicates (1) an early low-calcium 

siderite + hematite growth followed by (2) relatively high-calcium siderite 

deposition (without hematite) followed by (3) low-calcium siderite deposi 

tion without hematite. The composition of the high-calcium siderite lies 

well outside of the recognized stability field for siderite at 250°C and, 

therefore, is considered either a metastable phase or possibly a new 

mineral.

Carbon and oxygen isotopic compositions of the carbonates together with 

the hydrogen isotopic composition of inclusion fluids suggest that the 

fluids depositing the carbonates either were deep-seated in origin, or, less 

likely, were meteoric waters which came in contact with a large volume of 

magmatic rock with which it exchanged isotopes. The oxygen and hydrogen 

isotopic compositions of the fluids that deposited the carbonates are 

significantly different from those that yielded the other vein minerals 

(sphalerite, chlorite, sericite, quartz, adularia). The latter minerals 

appear to have been deposited from two distinctive fluids of meteoric origin.

The stability fields of minerals present during the carbonate stages 

have been calculated for 250°C, The results indicate that conditions during 

carbonate deposition were not drastically different from those suggested by 

Barton and others (1977) for main-stage ore deposition, although little ore, 

if any, was deposited during the carbonate stages. A new value for the free 

energy of formation of siderite was calculated since all of the most recently 

published values predict too small a stability field for the siderite based 

on the occurrence of siderite at Creede, The change to the more iron-rich

ix



composition of the later stage carbonate was probably controlled by the 

pyrite-chlorite buffer which was not present during early-stage carbonate 

deposition.



I. INTRODUCTION

This study is part of a U.S. Geological Survey program of research 

focussed on the Ag-Pb-Zn-Cu ore deposit of the Creede District, Mineral 

County, Colorado. The purpose of this program, which has been intermit 

tently pursued since 1959, is to identify and define parameters with which 

to quantify the physical and chemical environment of metallic ore deposits. 

The Creede deposit was selected because of the history of open-fracture 

filling, the uniform wallrock, the lack of major post-mineralization move 

ment, and the well-documented geology of the area (Steven and Ratte*, 1965). 

Although the Creede deposit is far more complex than was originally 

thought, this complexity sets limits only on the degree of detail with which 

the filling history of the deposit can be documented.

The Creede study seeks to provide a better understanding of the 

detailed evolution of an ore deposit in time and space. Among the more 

important questions to be answered are: Does the ore-bearing fluid evolve 

as it passes through the hydrothermal system depositing the ore? Does the 

fluid change with time at depth? What are the sources of both the metals 

in solution and the transporting waters? What were the physical conditions 

imposed on the system such as pressure (depth of the system) and tempera 

ture? This paper will deal with aspects of these questions which pertain 

to carbonate deposition at Creede.

Approaches currently being used in the U.S.G.S. program to define the

environment of ore deposition and the time/space relationships at Creede

18 34 13 
include: 1) light stable isotopic compositions (6D, 6 0, 6 S and 6 C)



to determine the source(s) of the hydrothermal waters and of some of the 

elements within them and the degree of interaction with the wallrock; 2) 

fluid inclusion studies to determine the temperature of deposition, the 

salinity of the waters, the concentration of metals in the ore fluids and 

the pressure under which the fluids deposited the ore (as evidenced through 

boiling); 3) mineralogical and petrological studies of the ore and gangue 

minerals and of wallrock alteration to determine the presence and degree of 

equilibrium (Barton and others, 1963) and their time/space relationships and 

4) experimental work on the solubilities and phase relations among the 

commonly found minerals at Creede,

Three papers have already been published in the series on the environ 

ment of ore deposition at Creede, Steven and Eaton (1975) described the 

geologic, hydrologic and geophysical setting of the Creede district. 

Bethke and others (1976) documented the age of mineralization and its posi 

tion in time with respect to the sequence of volcanic activity. Barton and 

others (1977) discussed the chemistry of the ore-forming fluid and proposed 

an ore deposition model for the district.
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II. THE CREEDE MINING DISTRICT

Location

The Creede mining district is located in Mineral County, in the 

central San Juan Mountains, southwestern Colorado (fig. 1). Most of the 

mining activity has been concentrated in the drainage basins of various 

tributaries of the Rio Grande, those being East Willow Creek, West Willow 

Creek, Windy Gulch, Rat Creek and Miners Creek. The main producing mines 

lie north of the town of Creede (population approximately 750 in 1976) 

which is situated on Willow Creek about two miles north of its junction 

with the Rio Grande. The altitude within the Creede district varies from 

2590 m. to 4235 m.; the higher areas have been intensely glaciated.

Previous Investigations

The earliest detailed accounts of the geology and ore deposits of the 

Creede district can be found in two reports by Emmons and Larsen (1913; 

1923). Larsen (1930) discussed the new mining developments between the 

years 1913 and 1927. Little was published from that time until the 1960 f s. 

Steven and Ratte (1965) provided the next major re-examination and updating 

of the geology, structure, and mining developments of the Creede district. 

A later paper (Ratte and Steven, 1967) described the petrography, areal 

distribution and chemistry of the ash flows and related volcanics of the 

Creede district. A geologic map of the Creede quadrangle was published in 

1973 (Steven and Ratte, 1973). An unpublished Master's thesis (Cannaday, 

1950) documented the OH vein mineralogy and the structural relations



between the OH vein and the Amethyst vein. Two unpublished Ph.D. disserta 

tions (Chaffee, 1967; Hull, 1970) discussed respectively the geology and 

hydrothermal alteration north of the Creede district and the geology of 

the Bulldog vein system.

Production History

The first discovery of mineralization in the Creede district was on 

the Alpha claim, located on the Alpha Corsair fault in 1869. Production 

was short-lived because the available metallurgical technology was not 

adequate to extract the silver, which occurred in oxidized, near-surface 

ores. Although several claims were established in the mid-1880's, major 

ore discovery did not take place until 1889 when Nicholas Creede located 

the Solomon-Holy Moses vein. High-grade silver ore along the Amethyst fault 

zone was discovered in 1891. In response to these ore discoveries, the town 

of Creede (population 600 in 1889) swelled into a city of 10,000 people by 

the end of 1891.

The greatest bonanzas of the district were in the near-surface oxidized 

or partly oxidized ores of the southern segment of the Amethyst vein. 

Almost the entire production during the boom period from 1891 through 1900 

came from these oxidized ores along the Amethyst vein.

By 1900, the northern part of the Amethyst vein was furnishing sulfide 

ore consisting of lead, zinc, some silver and gold, and a little cadmium. 

Due to the increasing proportion of sulfides with relatively low silver 

contents in the district, mining activity in the early 1900's began to 

diminish. The years 1911-1914 saw the progressive exhaustion of the better

This summary is based on information from Emmons and Larsen (1923), 
Larsen (1930) , Steven and Ratte" (1965) , and Meeves and Darnell (1968) .



5 
\

grade ores from the upper levels of the mines, and since 1920, the main 

Amethyst vein itself has produced very little ore. However, several rich 

subsidiary veins in the hanging wall of the Amethyst fault zone and the 

high-silver Monon Hill ores kept the district in production through the 

1920 f s. Mining activity continued to decline throughout the 1920 f s until a 

sharp drop in the price of silver caused the closing of all the mines in 

the district in 1930. The mines were reopened in 1934 when the price of 

silver was "pegged" by the Federal Government at roughly double the then 

current market price.

Most of the production in the 1940's and 1950's came from the OH vein, 

a major structure discovered in 1938 or 1939 in the hanging wall of the 

Amethyst fault zone. A second major hanging wall structure, the P vein, 

which parallels the OH vein 0.6 km to the north, was discovered by accident 

in 1960 when driving a crosscut for ventilation. The most recent major ore 

discovery came in 1961 when exploration in the Bulldog Mountain area indi 

cated the presence of mineralization along the Bulldog Mountain fault. 

The technological difficulties of mining the thin, frequently unconsoli- 

dated, vertical veins were formidable (Jackson, 1974), but production 

finally began in 1969. Total value of silver, lead, zinc, gold and copper 

extracted from the Creede district was 69.5 million dollars through 1966 

(Meeves and Darnell, 1968).

2 Regional Geology

The Creede district lies near the center of the San Juan Mountains 

(fig. 1), the largest erosional remnant of a volcanic field which covered

2 The geology of the San Juan Mountains has been described in detail in
Larsen and Cross (1956), Steven and others (1967), Lipman and others (1970),



Figure 1. Location of the Creede mining district and extent of the 
San Juan Mountains volcanic field. From Steven and Ratte (1965).
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most of the southern Rocky Mountains in middle Tertiary time. The volcanic 

sequence probably directly overlies Precambrian igneous and metamorphic 

rocks. Tweto (1968) suggested that post-Precambrian and pre-Jurassic strata 

were eroded away, except in fringe areas, after formation of the late 

Paleozoic/early Mesozoic Uncompahgre-San Luis highland. No pre-Tertiary 

rocks outcrop in the Creede district, although projection of Jurassic and 

Cretaceous sedimentary units from the southern fringe areas indicates that 

these units could possibly underlie the district (Steven, 1969).

The volcanic history of the San Juan Mountains has been documented by 

Lipman and others (1970) based on extensive mapping and K-Ar dating. 

Volcanic activity began about 40 to 35 m.y. ago when scattered volcanic

centers erupted intermediate lavas and breccias of predominantly alkali

3 andesite, rhyodacite and mafic quartz latite. The approximately 40,000 km

of magma erupted during this phase represents about two-thirds of the volume 

of the entire uneroded volcanic field. The peak of this period of activity 

was between 35 and 30 m.y. ago.

About 30 m.y. ago, the character of the volcanism changed to voluminous 

ash-flow eruptions. During the interval from 30 to 22 m.y., eruption of at 

least 18 major quartz latitic and low-silica rhyolitic ash-flow sheets took 

place (Steven and Lipman, 1976), the accompanying subsidence resulting in 

caldera formation at the sources. Steven and Lipman (1976) identified 15 

calderas (fig. 2) and postulated the presence of three others in the 

San Juan volcanic field. The entire ash-flow sequence in the immediate 

vicinity of Creede appears to span less than 2 million years, from 28 to 

26 m.y. (Steven and others, 1967).

and Steven and Lipman (1976). The following has been summarized from these 
sources.



Figure 2. Calderas of the San Juan volcanic field: S, Silverton; 
CP, Cochetopa Park; Bz, Bonanza; LG, La Garita; SL, San Luis, B, 
Bachelor; C, Creede; MH, Mount Hope; P, Platoro; SM, Summitville; 
L, Lost Lake; U, Ute Creek; SJ, San Juan; UN, Uncompahgre; M, 
general location of the Mammoth Mountain caldera. From Steven and 
Eaton (1975).
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A drastic petrologic change in the character of the volcanism took 

place 25 to 23 m.y. ago. The new volcanic activity produced bimodal 

assemblages of alkali olivine basalt and silicic alkali rhyolite. These 

younger volcanic rocks are included in the Hinsdale Formation and are 

volumetrically insignificant compared to the volcanics erupted between 40 

and 26 m.y. ago. The change to the bimodal basalt-rhyolite volcanics 

roughly coincides with the structural development of the Rio Grande rift 

depression which bounds the eastern edge of the San Juan volcanic remnant. 

Its timing also corresponds to that of the initial intersection of the East 

Pacific Rise with the west coast of North America which caused similar 

petrologic changes in the character of Cenozoic volcanism over much of the 

western interior United States (Lipman and others, 1970). A change in 

direction of motion of the Pacific plate also occurred at this time.

Geology of the Creede District

The Creede mining district is located within a nested cluster of at 

least five calderas (fig. 3) belonging to the silicic ash-flow stage of 

volcanism. Table 1 shows the major ash-flow units in the district and the 

known corresponding source areas. Silicic to intermediate lava flows and 

breccias occur locally between the ash-flow units. The Fisher quartz latite 

lava flows and breccias, which overlie the ash-flow tuffs in this area, 

represent the end of the voluminous ash-flow phase in the central San Juan 

Mountains (Lipman and others, 1970) and partially fill the marginal moat 

around the resurgent dome in the Creede caldera. The Creede Formation, 

composed of stream, lake, and pyroclastic deposits and travertine, inter- 

tongues with the Fisher quartz latite and fills the remainder of the moat.
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Sedimentary Rocks

EXPLANATION 

Lava Flows Intrusive*

Intracaldera lavas of 
San Luis Peak caldera

Stream and ash-flow deposits 
in Cochetopa Park caldera

mm
Creede Formation

Post San Luis Peak caldera lavas

Post Cochetopa Park 
caldera lavas

Post Creede caldera lavas

Fault Topographic rim of caldera 
(hechures on downthrown side) (control moderate to good)

Topographic rim of caldera 
(conjecture!)

Structural margin of caldera Structural margin of caldera 
(control moderate to good) (conjectural)

Figure 3. Spatial relations of the Creede, San Luis, and Cochetopa 
Park calderas and of the remnants of the Bachelor and La Garita 
calderas. E, general location of the Equity mine. Box shows area 
of figure 4. Compiled from figures 21 and 22 of Steven and Lipman 
(1976).
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The mineralization is associated with a set of fractures (fig. 4) which 

form a graben (fig. 5). These fractures trend north-northwest from the 

northern margin of the Creede caldera. The mineralized fractures, which are 

younger than the Creede Formation, appear to have been localized in part 

along earlier fractures (fig. 4). These earlier fractures represent the 

keystone graben initially formed during the resurgent doming of the Bachelor 

caldera, the second oldest subsidence structure in the district. Silicified 

breccia fills the ancestral Amethyst fractures.

Steven and Ratte (1960) have shown that mineralization took place 

during the last major episode of movement along the graben. K-Ar dating of 

vein adualaria and sericite from altered wallrock indicates an age of 

mineralization of 24.6 ± 0.3 m.y. (Bethke and others, 1976). It has been 

suggested (Steven and Eaton, 1975) that the force necessary to reactivate 

the faults and to create the circulating hydrothermal system came from a 

small, still unexposed, pluton intruded below the district.

It is uncertain whether the mineralization is related to the terminal 

stages of the Creede caldera cycle. The youngest igneous rocks exposed in 

the district, the Fisher quartz latite, represent the final activity from 

the Creede caldera and are 26.4 ±0.6 m.y. in age, 1.8 ± 0.9 m.y. older 

than the mineralization. Bethke and others (1976), therefore, suggested 

that the mineralization could be related either to a very late intrusion in 

the Fisher period of activity or to an early intrusion of the younger bi- 

modal volcanic rocks of the Hinsdale Formation. Although mineralization 

can, in many cases, be related to the terminal stages of caldera evolution 

(Smith and Bailey, 1968), mineralization is associated with less than half 

the calderas of the San Juan Mountains (Lipman and others, 1976). Lipman 

and others (1976) suggested that the calderas provided only the structural
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Figure 4. General geology of the Creede mining district. From 
Steven and Eaton (1975).
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Figure 5. Idealized cross section across the Creede mining 
district. From Steven and Eaton (1975).
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controls for the implacement of later intrusions and the plumbing system 

for the hydrothermal fluids.

The Creede ores occur as open-space fillings in veins cutting the 

devitrified welded tuffs of the Bachelor Mountain Member of the Carpenter 

Ridge Formation (table 1). This member is the intra-caldera accumulation 

of ash flows erupted within the Bachelor caldera. Three units of thick 

puiniceous material of quartz latitic to rhyolitic composition, the Willow 

Creek (0-610 m.), the Campbell Mountain (0-340 m.) and the Windy Gulch 

(0-275 m) make up the member. The absence of significant partings suggests 

that the Bachelor Mountain Member is a simple cooling unit (Smith, 1960; 

Steven and Ratte, 1965). The upward changes in textures of the three units 

into which the member is divided illustrate the classes of zonal variations 

in welded ash flows as described by Smith (1960). The fundamental upward 

zonation is from a densely welded zone through a particularly welded zone 

to an unwelded zone (fig. 6). The lower Willow Creek unit is a blue-to-grey, 

densely welded, fluidal tuff in which eutaxitic structures are developed in 

the upper parts. The Campbell Mountain unit is a purple-to-red, eutaxitic- 

to-vitroclastic, compactly welded tuff containing 5% or more foreign lithic 

fragments (versus 1 to 2 percent in the Willow Creek unit). The upper 

unit, the Windy Gulch, is a soft, poorly welded to unwelded tuff with a 

characteristic vitroclastic texture. The ore is found almost exclusively 

in the hard, massive Campbell Mountain unit. This spatial restriction is 

more likely due to the unit's structural competancy and favorable site in 

the zone where boiling took place during mineralization than due to chemical 

factors.

Prior to mineralization, the Bachelor Mountain Member underwent 

extensive potassium metasomatism. The rock was enriched in K~0, from an
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Figure 6. Schematic section of the Bachelor Mountain member of the 
Carpenter Ridge Formation showing the lithologic facies changes. 
From Ratte and Steven (1967).
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original 5 ± 1 weight percent, up to 11.35 weight percent (Ratte and Steven, 

1967) and was depleted in Na~0, CaO, MgO and total iron. The metasomatism 

probably took place during the cooling and devitrification of the Bachelor 

Mountain Member or during the resurgence of the Bachelor caldera, because 

the units above it show no evidence of potassium enrichment. A separate 

study within the program on the environment of ore deposition at Creede is 

currently underway to evaluate the areal extent of and the zonal variations 

within the potassium-enriched tuffs. Preliminary results show no signifi 

cant changes in the K_0/Na_0 ratios which can be correlated with distance 

from either the mineralized structures or the earlier fractures filled with 

silicified breccia.

Zones of intense sericitic alteration overlie some of the veins and 

mark the upper limits of mining. The boundaries of these alteration caps do 

not correspond to any primary lithologic changes in the wallrock. Except for 

some quartz, the alteration caps are made up of almost pure sericite. X-ray 

diffraction profiles show that the "sericite" is a 1M illite containing 10 

to 25 percent interlayered smectite.

Alteration associated with the veins themselves, on the other hand, is 

not prominent. Extensive dusting of sericite in the potassium feldspar has 

been noted near veins. Local silicification of wallrock adjacent to veins 

is also common; Cannaday (1950) observed widespread silicification along the 

southern quarter of the OH vein. Chloritization of pumice fragments has 

taken place in the northern portions of the district. However, the bulk of 

the chlorite is in the veins, which may or may not be related to the chlorite 

in the altered wallrock. The chlorites will be the focus of another study 

in the near future.
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Mineralization

Almost all of the Ag-Pb-Zn-Cu mineralization in the Creede district 

is contained within four major steeply-dipping fault zones which define 

the reactivated graben of the Bachelor caldera. These fault zones are the 

east-dipping Alpha-Corsair and Bulldog Mountain faults, and the west- 

dipping Amethyst and Solomon-Holy Moses faults (figs. 4 and 5). This 

study is restricted primarily to the central downdropped fault block 

comprising the Bulldog, Amethyst, OH and P veins. Most of the metal pro 

duction in the district has come from these four veins.

The main ore minerals mined in the Creede district are native silver, 

sphalerite, galena, chalcopyrite, and tetrahedrite-tennantite. The silver 

is found in its native state, in galena, in the tetrahedrite-tennantite 

series and in other sulfosalts. Gangue minerals include: 1) quartz (much 

of which is amethystine), 2) chlorite, 3) pyrite, 4) barite, 5) sericite, 

6) carbonate, 7) hematite, 8) fluorite and 9) adularia. Barite, carbonate 

and native silver are more abundant in the southern part of the district 

(southern Amethyst and Bulldog veins) whereas chlorite and hematite are 

more abundant in the northern parts (OH, P and northern Amethyst veins). 

Although most of the northern two-thirds of the Amethyst vein is almost 

completely inaccessible, the mineralogy described by Emmons and Larsen 

(1923) appears to have been very similar to that along the OH vein.

The early bonanza ores were composed mainly of native silver and silver 

chlorides and of PbCO (with some PbSO.) containing high-silver values. 

Most of the production of these ores came from the zone of supergene 

enrichment along the Amethyst vein. This zone of secondary enrichment 

extended either from the surface or from the base of a leached cap (which
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was up to 150 m. deep) to a depth of about 240 m. (Meeves and Darnell, 1968) 

and dipped steeply to the south.

Barton and others (1977) proposed an ore deposition model based on 

fluid inclusion data and on geochemical considerations of the mineral 

associations, mineral deposition sequence and the varying iron contents in 

the sphalerite. They postulated a freely recirculating hydrothermal system 

(fig. 7), in direct contrast to the classical "once-through-and-out" model. 

Hot, metal-rich, ore fluid is thought to have ascended in the north and 

flowed south forming the top of a conveeting cell and depositing (and 

sometimes leaching near the input area) gangue and ore minerals. Steven and 

Eaton (1975) suggest that movement upward was inhibited by the soft, imper 

meable Windy Gulch tuff and the Rat Creek tuff. Cooling of the fluids, due 

to boiling and to heat conduction into the overlying cooler rocks, and a 

small pH rise associated with the boiling off of acid components (H S and 

C0«) contributed to the precipitation of ore. Condensation of the acid 

volatiles in the overlying unbuffered waters resulted in the forming of a 

sericitic capping. Redox reactions during deposition were governed by an 

iron-rich chlorite + pyrite (or hematite) + quartz (+ water) buffer. The 

progressively cooler and more mineral-depleted ore fluids continued to flow 

south until they either cooled enough to convect downward or encountered the 

structural margin of the Creede caldera. Some of the ore fluids leaked out 

into the Creede Formation, which is now being actively explored for commer 

cial ore bodies. The waters were subsequently reheated at depth where they 

extracted metals and sulfur from whatever sources were available and 

eventually rose again in the north. This model is consistent with isotopic 

evidence which indicates that the ore-forming fluids were predominantly 

recirculated meteoric water.
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Figure 7. Schematic hydrologic model for ore deposition in the 
Creede mining district. Cross-hatched pattern denotes the OH- 
Amethyst ore zone. Solid arrows represent depositing solutions 
and open arrows show undersaturated solutions; arrows with an 
f X f indicate meteoric water recharge and stippled arrows indicate 
recharge at depth. From Barton and others (1977).
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III. CARBONATE MINERALOGY AND GEOCHEMISTRY

Statement of Study

This study of the mineralogy and compositional range of the carbonates 

in the Creede district was undertaken in an attempt to add to the documenta 

tion of the vein-filling history at Creede and of the geochemical conditions 

that existed during mineralization. A preliminary "ore stratigraphy" has 

already been established on the basis of iron-rich growth bands within the 

sphalerite (Bethke and Barton, 1971). It was hoped that the carbonates, 

which occupy two very distinctive positions within this "ore stratigraphy" 

would, like the sphalerite, show a detailed evolution and would provide 

some answers as to how and why conditions twice changed to allow carbonate 

precipitation to replace sulfide precipitation.

In important respects, this carbonate study makes use of and contri 

butes to other ongoing Creede studies. The isotopic compositions of the 

carbonates were determined as part of a more encompassing isotopic study. 

The temperature of ore deposition of 250°C used in this paper was determined 

during a preliminary fluid inclusion study (Roedder, 1965). Data on the 

mineralogical character of the sericitic alteration overlying some of the 

veins was gathered as part of a broader study of the vein and wallrock 

alteration at Creede. The carbonate study should, in turn, improve the 

data base into which future studies at Creede can be integrated.

Procedures 

Carbonate samples from forty-four localities from five vein systems in
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Creede district have been examined using various approaches. The primary 

means of gathering data for this study has been the electron microprobe. 

Other techniques such as electron microscopy, x-ray diffraction, catho- 

doluminescence, and semi-quantitative spectrographic analyses have been 

used to supplement the microprobe data.

Some samples were collected by the author during two field seasons 

totalling 5 weeks in 1975 and 1976. Other samples analyzed by the author 

came from the collections made by P. M. Bethke, P. B. Barton, Jr., 

E. Roedder, T. Nash, D. Hull and J. L. Haas. These collections consist of 

over 500 sample localities represented by more than two metric tons of 

specimens.

Eighty-eight doubly polished thin sections of the carbonate localities 

were prepared by the author for microprobe analysis. The downside of each 

section was ground flat using metal-bonded diamond grinding discs mounted 

on a Sampson Polishing Machine (model SP-1). A sequence employing three 

grinding discs imbedded with 30y, 15y and 6y size diamonds was followed; 

the lubricant was water. The more fragile specimens were impregnated with 

epoxy prior to grinding. The three grinding stages were followed by three 

polishing stages, using a sequence of 15y, 6y and ly size of diamond as a 

paste or spray on cloth polishing discs (Metcloth for 15y and 6y; Texmet 

for ly). Water again was the lubricant. Between each polishing stage, 

the specimen was washed in an ultrasonic cleaner. The specimen was then 

mounted, polished-side down, on a 1 x 1-3/4 inch microscope slide with 

Buelher No. 20-8130 AB epoxy. When the epoxy had cured, the specimen was 

cut to about 1 mm thickness and thinned by grinding using a Hillquist thin 

section machine. The second side was then ground and polished in the same 

manner as the down side. The finished products were from 30y to lOOy thick.
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The specimens were subsequently examined in detail under the microscope, 

and sites to probe were chosen and photographed at 100X magnification, 

which approximates the high-power magnification on the electron microprobe 

used. Sites were chosen for analysis based on color variation in trans 

mitted light, microscopic and macroscopic textural variations, and mineral 

associations. The typically pitted surfaces (probably due to the opening 

up of abundant fluid inclusions during the polishing procedure) frequently 

made site selection difficult.

Subsequent to photographic documentation, the thin sections were given 

a light carbon coating in order to eliminate charge build-up under the 

electron beam of the microprobe by providing a conductive path. A number of 

individual points within the chosen sites were then analyzed using an ARL- 

EMX-SM electron microprobe under the following conditions: accelerating 

voltage, 15 kv; beam current, 0.05 A; beam diameter, 2-3 m; and preset time 

and count limits, 20 seconds or 20,000 counts. Raw counts were collected by 

the Krisel control system and corrected for beam current drift and for dead 

time. Parameters from the previously analyzed standards were used to calcu 

late metal compositions which were subsequently corrected for matrix effects 

using the Bence-Albee correction scheme (Bence and Albee, 1968; Albee and 

Ray, 1970). The analyses are given in the form of weight percent oxides and 

of mole percent carbonates.

Iron and manganese contents were analyzed with a lithium fluoride (LIF) 

crystal, magnesium with a rubidium acid phthalate (RAP) crystal; calcium 

was analyzed first with an LIF crystal and then with a pentaerythritol (PET) 

crystal. Due to the restriction of three spectrometers, iron, magnesium and 

calcium were analyzed simultaneously, followed by analysis of the manganese 

content. Several other elements, such as Zn and Pb, are present in
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the carbonates In small amounts, frequently too small to be analyzed by 

electron microprobe, and will be discussed later. Of the standards used 

(table 2), the siderite (for iron) and the dolomite (for calcium and 

magnesium) were obtained from the U.S. National Museum of Natural History 

(Smithsonian Institution). J. S. Huebner donated the rhodochrosite standard 

(used for Mn). Repeated microprobe analyses on the grains were made to 

check for homogeneity.

The accuracy of the microprobe analyses of the Creede unknowns is 

dependent on the quality of the wet chemistry of the standards. The degree 

of agreement among replicate analyses (precision) of the standards was 

calculated in order to evaluate the total effect of the many possible sources 

of error inherent in electron microprobe analyses (i.e., statistical counting 

errors, instrumental errors, operational errors and specimen errors (Bertin, 

1971)). Thirty-seven analyses of standards gathered on eight days over a 

period of two years were examined. Relative precisions (standard deviation 

divided by the mean) for the element used as the standard in analyzing itself 

are Ca 1.82%, Mg 2.23%, Mn 1.52% and Fe 1.89% of the amount present. 

Therefore, the error for most analyses should be within approximately 2 per 

cent of the amount present. Relative precision is worse when there is only 

a small amount (i.e., less than a few mole percent) of the element present. 

Nevertheless, values down to 0.3 mole percent do denote the presence of an 

element, although the value itself is more and more of a rough estimate with 

decreasing amounts present.

The values for precision in the preceding paragraph are fairly encou 

raging, especially because several analytical problems (with respect to 

electron microprobe analysis) are inherent in the carbonates. In the first 

place, it is not possible, using the present microprobe, to analyze
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TABLE 2. Composition of standards used for electron 

microprobe analyses.

CaO
MgO
FeO
MnO
C02

CaC03
MgC03 
FeC03 
MnC03

DOLOMITE1
(Austria)

29.71
20.97
0.66
0.03

46.64

98.01

53.02
43.87 
1.06 
0.05

98.00

SIDERITE2
(Broken Hill, NSW, Australia)

nd.
nd.
57.33
4.66
38.01

100.00

nd.
nd. 
92.45 
7.55

100.00

RHODOCHROSITE
(Alma Rock, New Mexico)

0.0
0.04
0.30

61.11
38.50

99.95

0.0
0.08 
0.48 

99.02

99. 584

As reported by Reddick (1968). U.S. National Museum of Natural 
History (Smithsonian Institution) No. R10057.

2 Analysis by S. Spooner (personal communication, letter to J. White,
Jr., in Smithsonian files), Georgia Institute of Technology. Only manga 
nese content analyzed; iron and carbon dioxide contents calculated by 
difference. U.S. National Museum of Natural History (Smithsonian 
Institution) No. 93218.

3Analysis by J.J. Fahey, U.S. Geological Survey. U.S. National Museum 
of Natural History (Smithsonian Institution) No. R2478.

Discrepancy in sums is due to the non-stoichiometry of the initial 
determination.
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carbonates for carbon and oxygen so that the analyses cannot sum to 100%. 

There is, therefore, no automatic check on each analysis. Control on the 

quality of the analyses depended on frequent re-analyses of the standards 

to demonstrate that no drift in the standardization had taken place and on 

critical evaluation of the analyses of the unknown carbonate; analyses 

departing more than ±2% from the mean sum of several analyses of the 

pertinent standard were discarded. In the second place, carbon dioxide is 

apparently driven off from the carbonate structure when the focussed elec 

tron beam hits the carbonate. It is difficult to evaluate the effects of 

this process although it appears to be most detrimental to calcium-rich 

carbonates and is not visibly apparent in manganese-rich and iron-rich 

carbonates. Thirdly, the 3 factors used for the matrix correction had to 

be calculated as if the standards were oxides instead of carbonates.

In addition to the single spot analyses, the electron microprobe was 

used to traverse and to raster scan selected sites. The electron beam was 

set up to traverse, at 3 p/sec, several of the more apparently zoned siderite 

crystals; uncorrected intensities of several elements were plotted automati 

cally during the traverse. An attempt was also made to map compositional 

variations pictorially using the raster scanning capability of the electron 

microprobe to look at 80y x 64y areas.

Other techniques were used to complement the electron microprobe data. 

The scanning electron microscope was used to examine some of the carbonates. 

X-ray diffraction techniques using a Guinier-Haig camera helped to define 

the presence of one or two phases in some samples; both iron and chromium 

radiation were used. The degree of ordering in single crystals of the 

carbonate was examined using a precession camera. A luminiscope turned out 

not to be useful with respect to the carbonates because the iron and



34

manganese contents were too high to permit fluorescence; however,, the 

technique was useful in detecting cadmium-rich sphalerite within the carbo 

nate. Semi-quantitative spectrographic analyses were used to determine the 

minor and trace element contents in the carbonates,

Carbonate Mineralogy

Introduction

Carbonate minerals from forty-two localities along the four major 

vein systems in the Creede district have been examined. Plate I shows the 

distribution of localities along the four major veins in cross-section: 20 

on the Bulldog vein; 4 on the Amethyst vein and 5 in hanging wall structures 

off the Amethyst vein; 11 on the OH vein; and 2 on the P vein, Two addi 

tional sample localities are from the Equity mine on the Equity fault (fig. 

4), which trends east-west about 9.6 km, north of Creede; this mine 

represents the northernmost limit of production in the Creede district.

The carbonates help to define the general sequence of mineral deposi 

tion which has been established by Bethke and Barton (1971) based primarily 

on varying iron contents in sphalerite along the OH vein. The paragenesis 

can be divided into five stages: Stage A is the pre-ore rhodochrosite- 

barite-quartz stage; Stages B and D represent the periods of major ore 

deposition, being respectively finer and coarser grained and having very 

similar mineral associations although Stage D is lower in silver; Stage C 

denotes the volumetrically insignificant fluorite-siderite-quartz stage 

separating the two stages (B and D) of major ore deposition; Stage E denotes 

the post-ore gel pyrite stage. Approximate relative volumes of each stage 

are Stage A, 5% (of which roughly 80% is rhodochrosite); Stage B, 65%; 

Stage C, 0.1% (of which roughly 10% is siderite); Stage D, 30%; and Stage E,
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4%. Due to the complex flow pattern of the ore-forming fluid, few localities 

exhibit all stages (Bethke and Barton, 1971). Along the OH vein, the ratio 

of early-fine Stage B to late-coarse Stage D increases southward and upward.

Rhodochrosite was deposited prior to the main phase of sulfide and 

barite deposition, frequently directly on wallrock, and defines Stage A. 

This carbonate is light to dark pink to buff in color, usually massive (fig. 

8a) and less frequently rhombic (fig, 8b) in form, and not uncommonly banded 

(fig. 8c) or brecciated (fig. 8d) in appearance. The rhodochrosite also 

precipitated as individual saddle-shaped rhombs in some localities (fig. 8e) . 

This early carbonate occurs with quartz and barite and frequently contains 

finely disseminated sulfide blebs or narrow bands of sulfide blebs. Much of 

this carbonate is fine-grained, but large, leached crystals up to 2 cm in 

size have been noted in several localities. Figure 8f shows a sulfide 

capping overlying now leached carbonate crystals which grew on massive 

carbonate. Figure 8g shows the remains of a large leached carbonate crystals 

which grew on massive carbonate. Figure 8g shows the remnants of a large 

carbonate crystal which has either been leached or which grew skeletally.

Siderite is limited in occurrence to Stage C and helps to define that 

period of deposition. This stage documents a break in major sulfide deposi 

tion between the early fine-grained stage and the late coarse-grained 

stage; it was preceded by extensive leaching of Stage B. The carbonate is 

tan to milk-chocolate brown in color and occurs either as perched rhombs 

(1 mm average) in vugs (fig. 8h) or as infilling in small interstitial 

spaces (generally less than 1 mm) in the fine-grained Stage B. It overlies 

light-colored sphalerite, fluorite, quartz and/or chalcopyrite and is inter- 

grown with hematite platelets (0.05 mm diameter) in some localities.

Both the siderite and rhodochrosite generations can almost always be
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Figure 8. Hand specimens of carbonates showing characteristic 
textures and growth features.

A) Slab of massive rhodochrosite containing disseminated 
sulfides. (PMB-MP)

B) Rhodochrosite rhombs on barite. (PMB-UH)

C) Banded rhodochrosite on wallrock. (PMB-FO)

D) Brecciated rhodochrosite cemented by later rhodo 
chrosite and barite. Darker fragments are wallrock; 
lighter areas are rhodochrosite; white areas are 
barite. (PMB-HE)



Figure 8. (continued)

E) Saddle-shaped rhodochrosite rhombs. Black specks 
are sulfide grains. (DH-147 (Bulldog vein, 
location unknown)).

F) Sulfide and carbonate capping retaining crystal form 
of now leached rhodochrosite scalenohedrons which 
overlay massive rhodochrosite. (PMB-NB)

G) Outlined area is a single rhodochrosite crystal which 
has been etched along cleavage planes. Entire 
specimen is rhodochrosite. (PBB-143)

H) Siderite rhombs on coarse octahedral fluorite and 
dark-appearing sphalerite. (PMB-BL)
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defined and distinguished by field criteria which include form, color, 

mineral associations and paragenetic position. The following discussion is 

based on the separation of sample localities using these criteria. No 

samples containing both generations have been found.

Early-Stage Carbonate (Stage A)

Electron microprobe analyses indicate that almost all of the carbonate 

of Stage A is rhodochrosite with a fairly limited compositional range. 

Figure 9 shows the microprobe analyses of the early carbonate projected onto 

a ternary base of FeCO^-CaCO -MnCO from the fourth apex, MgCO_. In pro 

jecting from a fourth apex, the three components defining the base of the 

tetrahedron are used to recalculate each composition to 100% and the fourth 

component is ignored. All of the subsequent compositional figures have been 

constructed using the same procedure. In figure 9, the data are not signifi 

cantly distorted by plotting them in this manner because the majority of 

analyses have less than 3 mole percent MgCO~. Most analyses fall between 70 

and 93 mole percent MnCO,. but cluster predominantly in the 85 to 93 mole 

percent MnCO,. range. Calcium contents are fairly low (generally 2.5 to 8 

mole percent CaCO~) with ratios of CaCO~ to MgCO~ usually greater than 4. 

No rhodochrosite was found with less than 1.4 mole percent CaCO- or less 

than 2.2 mole percent FeCO,,. A subgroup of analyses with relatively higher 

CaCO_ contents (11 to 15 mole percent) should be noted. Atypical analyses 

include a few exceptionally high-calcium, low-iron compositions (all from 

one locality, PBB-147, which will be discussed below) and a few high-iron, 

low-calcium compositions.

Compositional variation within individual localities is frequently 

fairly limited as shown in figure 10 (a and b) . The localities have been 

arranged from left to right going from south to north along each level for
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Figure 9. Compositional range of the early-stage carbonate plotted 
within the system MnCC^-FeCOj-CaCC^-MgCC^ projected from the MgC03 
apex.
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each vein (the highest level is in the upper left hand corner). The small 

compositional range in many sample localities precludes defining any 

relationships between distinctive growth textures and composition. However, 

even when the compositional range in a rhodochrosite locality is relatively 

broad, correlation between composition and sequence of deposition is 

difficult. Several of the sample localities containing the broader ranges 

in composition illustrate this problem; these include PBB-147, DH-23, 

PMB-MJ, PMB-NB, and PMB-UH (plate I and fig. 10). These localities also 

contain almost all of the high-calcium (typically 11 to 15 mole percent 

CaCCO rhodochrosite analyses.

PBB-147: Sample locality PBB-147 is unique in having several 

exceptionally high-calcium carbonates with CaCO~ contents 

greater than 20 mole percent. These calcium-rich carbonates 

occur in barite molds which are enclosed in massive fine 

grained quartz (fig. lla), It is not possible to determine 

their time relationship with the low-calcium rhodochrosite 

which also occurs in this locality.

DH-23: Sample locality DH-23 contains only the more common 

relatively high-calcium (11 to 15 mole percent CaCO-) 

rhodochrosite which occurs as rhombs growing on barite (fig. 

8b). At this locality, "stratigraphic" relations show that 

there were at least two periods of carbonate deposition (fig. 

lib, showing growth sequence B.R B9R_B«). At least one
-L _L fc» fc» O

period of carbonate leaching took place, Unfortunately, it 

is not possible to distinguish the different carbonate 

growth substages compositionally except for an increase in 

iron content near the outer edges of the latest growth zone.
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Figure 10. Compositional ranges within each sample locality 
of the early-stage carbonate plotted within the system 
MnCO -FeC03~CaCO -MgCO projected from the MgC03 apex.
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Figure 11. Photomicrographs showing textural variations of the 
early-stage carbonate. In transmitted light, the carbonate can 
appear either opaque (due to abundant fluid inclusions) or clear 
(due to few fluid inclusions)<

A) Suggested sequence of events is 1) barite deposition; 
2) quartz deposition; 3) leaching of barite; 4) deposi 
tion of carbonate in barite molds and in vugs in the 
quartz; 5) partial leaching of carbonate; 6) deposition 
of quartz which infills remaining open areas in the 
barite molds and elsewhere. Quartz shows ghost struc 
ture of the former barite blades. Black material is 
carbonate and white is quartz. (PBB-147, transmitted 
light)

B) Alternating deposition of rhodochrosite and barite is 
evident. Growth sequence of barite (B ) , rhodochrosite 
(R-), barite (B ), rhodochrosite (R2), and barite (B ) 
is shown. Material enclosing the rnodochrosite is 
epoxy. (DH-23, reflected light)

C) Whole thin section showing complex textural relations 
in the early-stage carbonate. (PMB-MJ, transmitted 
light, crossed nicols)

D) Sample showing at least three periods of rhodochrosite 
deposition (R- , R,,, R~) and one period of sulfide 
deposition (S ). (PMB-NB, transmitted light)
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Figure 11. (continued)

E) Whole thin section showing growth substages of rhodo 
chrosite (see table 3 for description of numbered 
carbonate substages). Note the rhombic crystal form 
of the gemmy material (1^). Epoxy encases the thin 
section; the two white areas in the lower half of the 
section are voids. (PMB-UH, transmitted light)

F) Growth substages of rhodochrosite which have been 
compositionally documented (table 3). Dark grey 
material in which the rhodochrosite (white) of sub- 
stage (2) occurs is epoxy. Epoxy also overlies 
substage (4). (PMB-UH, reflected light)

G) Saddle-shaped rhomb grox^th (black). Vug has later been 
filled with quartz (light colored). (PMB-MU, trans 
mitted light, crossed nicols)

H) Two periods of brecciation are evident. An early fine 
grained breccia (a) was rebroken into a large fragment 
now cemented by later carbonate (b). Reasons for the 
linearity of the edges of the early breccia fragment 
are unclear. (PMB-LP, transmitted light)
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Figure 11. (continued)

I) Selectively leached scalenohedral carbonate crystal 
infilled by saddle-shaped carbonate rhombs. Material 
surrounding the large crystal is also carbonate. 
(PBB-132, transmitted light, crossed nicols)

J) Late, clear borders on carbonate rhombs show possible 
skeletal growth. (PBB-25, transmitted light)

K) Sutured boundaries around uniformly extinguishing
irregular mass of rhodochrosite suggest possible re- 
crystallization of rhodochrosite. (PMB-NB, trans 
mitted light, crossed nicols)
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PMB-MJ; Sample locality PMB-MJ is typical of the massive 

rhodochrosite at Creede. The few high-calcium analyses 

are associated with late rhombs; the low-calcium, iron- 

rich analyses also seem to be late in the sequence of 

carbonate deposition. The variety of textures in this 

carbonate is impressive (fig. lie), but the variations 

cannot be correlated with compositional changes. 

PMB-NB; Sample locality PMB-NB covers the entire low- 

calcium compositional range of the rhodochrosite genera 

tion. Although several periods of carbonate deposition 

can be documented (fig. lid), they cannot be correlated 

with compositional variation,

PMB-UH; Sample locality PMB-UH is unique in that several 

periods of carbonate deposition can be distinguished 

compositionally. Figures lie and llf and table 3 docu 

ment these growth substages. The earliest substage (1) 

is partly made up of a clear deep-pink gemmy rhodo 

chrosite (1 ) which is manganese rich with intermediate- 

calcium and low-magnesium and low-iron contents. The 

gemmy material is usually intergrown with opaque light- 

pink carbonate (1.,) having a similar composition. The
D

difference in color and opacity of these carbonates 

appears to be related to fluid inclusion content. The 

not uncommon rhombic crystal form (fig. lie) of the 

gemmy material suggests that it is most likely a growth 

phenomenon (as opposed to a recrystallization phenomenon.
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TABLE 3. Compositional ranges of growth substages in
sample locality PMB-UH.

(mole percent)

SUBSTAGE

Inner gemmy (1^) and 
associated light 
pink carbonate (lg)

Outer gemmy (!«)

Remnants in leached 
zone (2)

Inner carbonate cap 
(3)

Outer carbonate cap 
(4)

Mn C03

87.6 - 92.3

52.4 - 77.4

55.2 - 80.2

67.5 - 80.0

85.1 - 90.1

Ca C03

2.7 - 6.9

, 5.3 - 12.3

6.1 - 12.6

2.2 - 8.8

5.0 - 7.2

Mg C03

0.2 - 0.8

1.1 - 6.8

0.5 - 3.3

0.0 - 1.7

0.1 - 0.7

Fe C03

3.2 - 8.3

15.0 - 30.7

12.5 - 34.1

10.1 - 29.3

4.9 - 9.5
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The outer zones (1 ) of the gemmy material are typically
C

much richer in iron and contain a broad range of overall 

lower manganese contents; calcium and magnesium contents 

are substantially higher in the outer gemmy zones than in 

the rest of the early carbonate (1 and 1 ). Carbonate
A Jj

remnants in the now-leached zone (2) above the gemmy rhodo- 

chrosite are similar in composition to the outer gemmy 

material except for somewhat lower magnesium contents. The 

late, light-pink, opaque carbonate overlying the leached 

zone can be divided into two substages (3 and 4), which are 

sometimes separated by a narrow leached band. The earlier 

(3) of the two substages generally contains less calcium 

and magnesium than the remnants in the leached zone and can 

be distinguished from substage (1) by the lower manganese 

content. The latest carbonate (4) is significantly higher in

manganese than substages (1 ), (2) and (3) but is almostc
identical in composition to the earliest carbonate (1 4 and 1_).

A b

There appear to have been two generations of barite deposition, 

one prior to at least some of the gemmy carbonate deposition 

(fig. llf) and the other prior to deposition of most of sub- 

stage 2.

Except for sample locality PMB-UH, it has been impossible to document 

a "carbonate stratigraphy" through systematic compositional variations. 

Although many textural features can be distinguished, they are fequently so 

intricate as to defy mapping (fig. lie), and they cannot be consistently 

correlated with characteristic compositions. Distinctive compositions are 

not seen in carbonate which has replaced barite (fig. Ha), in the saddle-
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shaped rhombs of carbonate (figs. 8e and llg), in early carbonate fragments 

(fig. llh), in the large leached carbonate crystals (figs. 8g and Hi), or 

in the later small rhombs of clear carbonate (fig. llj). The textural 

relations are so complicated because the rhodochrosite has undergone 

several periods of leaching and regrowth, may have grown as skeletal crys 

tals (fig. llj), may have been recrystallized, and may have been involved 

in now-cryptic brecciation. It is not possible to be certain that recrys 

tallization has taken place, but some textures suggest that it has; figure 

Ilk illustrates some large, irregular, optically continuous masses of 

carbonate which may have resulted from recrystallization.

Even though the compositionally documented growth substages in sample 

locality PMB-UH cover almost the entire range of rhodochrosite compositions 

seen at Creede, it has not been possible to correlate these substages with 

those in other sample localities. For example, virtually no gemmy rhodo 

chrosite has been seen in other sample localities. One possible explanation 

for this scarcity is that the gemmy rhodochrosite is the end product of 

local recrystallization. However, as mentioned previously, the crystal form 

of some of the gemmy material is suggestive of a growth phenomenon. 

Confusion in relating the stages in sample locality PMB-UH with those in 

other sample localities is also inevitable due to the similarity in composi 

tion and appearance between the early light-pink opaque carbonate (1 ) in 

sample locality PMB-UH and the latest carbonate identified (4). The 

relatively high-calcium analyses of the leached zone remnants (2) in sample 

locality PMB-UH may represent the same substage as that in DH-23, but there 

is no way of knowing with any degree of certainty.

Color changes, like textural variations, do not appear to be related to 

compositional variations in the rhodochrosite and therefore cannot be used
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as a visual aid to composition. The clear, deep-pink nature of the carbonate 

in PMB-UH appears to be due to the paucity of fluid inclusions, whereas the 

more typical opaque light-pink color appears to be due to abundant fluid 

inclusions. The tan hues in many of these manganese-rich carbonates are 

not related to iron content as might have been expected. A luminoscope was 

used in several unsuccessful attempts to show up compositionally related 

color changes in the carbonate. However, the early-stage carbonate is too 

rich in manganese to permit luminescence. Ultraviolet-excited luminescence, 

a process similar to cathodoluminescence, has been shown to rise to a maxi 

mum in calcite containing 3.7 mole percent MnCO,. and to decrease to zero at 

17 mole percent MnCO^ (Brown, 1934). In addition, the presence of iron is 

known to inhibit luminescence.

Limited documentation, therefore, of several substages of rhodochrosite 

deposition, some separated by periods of barite deposition, is possible. 

However, visual aids like texture and color are generally not adequate to 

untangle the growth complexities of the rhodochrosite. In rare cases, growth 

textures can be related to composition (e.g., PMB-UH), but the compositional 

variations documented cannot be related to those in other sample localities.

Late-Stage Carbonate (Stage C)

Figure 12 shows the electron microprobe analyses of the late-stage 

carbonate projected onto the same kind of three-component diagram used for 

the early stage carbonate analyses (fig. 9). The late-stage carbonate is 

composed of siderite and manganosiderite. The range of iron content for 

this stage is much broader than for the rhodochrosite stage although the 

ranges of calcium and magnesium contents are similar. The analyses fall 

naturally into two compositional groupings, a relatively high-calcium (and
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Figure 12. Compositional range of the late-stage carbonate plotted 
within the system MnCO -FeCO -CaCO -MgCQ projected from the MgCO 
apex.
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high-magnesium) siderite group and a low-calcium (and low-magnesium) 

siderite-manganosiderite series.

The siderite-manganosiderite series has the most extensive composi 

tional range. Iron contents range from 33 to 94 mole percent FeCO and 

overlap with the compositional range of the early stage carbonate. Calcium 

and magnesium contents (1 to 7 mole % CaCO ; 1 to 4 mole % MgCO ) are 

similar to those of the early stage carbonate. The calcium-to-magnesium 

ratio ranges from about 4:1 to 1:1.

The higher- calcium siderite group has a more limited compositional 

range with respect to iron content (72 to 87 mole % FeCCL) . The seemingly 

higher (than 87 mole % FeCO..) iron contents in this group as seen in figure 

13 are an artificial product of the way the analyses are plotted; because 

this siderite group has relatively high-magnesium contents (4 to 10 mole % 

MgCCO , projection of the analyses onto the FeCO«-MnCO«-CaCO^ compositional 

triangle distorts these data. The upper and lower limits of this group are 

well defined; calcium contents range from 8.5 to 13.5 mole % CaCO~, with a 

calcium- to-magnesium ratio varying between 1:1 and 2:1.

Compositional variation within sample localities is shown in figure 13. 

The localities have been arranged from left to right going from south to 

north along each level for each vein (the highest level is in the upper 

left-hand corner) . Compositional variation within individual sample locali 

ties with respect to iron content (and manganese content, which is inversely 

related to the iron content) is much broader for the Stage C carbonate than 

for the Stage A carbonate. The maximum range in iron content of 40 mole 

percent is illustrated by four sample localities, PMB-BV, PBB-44, PBB-159, 

and ER-123, the latter two being generally more iron-rich than the former 

two. Even with the broad range in iron content, however, the more iron-rich
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Figure 13. Compositional ranges within each sample locality of 
the late-stage carbonate plotted within the system MnCO_-FeCO - 
CaCO -MgCO projected from the MgCO apex.
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localities rarely overlap in composition with those localities that are more 

manganese-rich (PMB-BV, PMB-K, PMB-LG and PBB-44) . None of these four 

manganosiderite localities contains any of the high-calcium siderite. The 

high-calcium siderite is present in all the other sample localities (which 

are more iron-rich overall) and, except for locality PBB-38, is always 

associated with the low-calcium siderite.

As in the early stage carbonate, compositional variations in the late- 

stage carbonate are difficult to correlate with sequence of deposition, 

although the textural relations are not as complicated. Many of the siderite 

rhombs have been leached and subsequent regrowth in the leached areas 

complicates identification of growth stages (fig. 14a) . Neither color nor 

degree of transparency appears to be related to composition.

Using both textural and compositional information, a very general 

sequence of deposition for the Stage C carbonate can be documented. The 

earliest siderite is low in calcium (generally 1-4 mole percent) and has 

been deposited in association with hematite platelets in interstitial spaces 

(fig. 14b) . The hematite flakes are randomly oriented within the siderite 

matrix and appear to be a growth feature rather than an alteration product 

of the siderite. Electron microprobe analyses show that there has been no 

recognizable diffusion of iron between siderite and the adjacent hematite, 

corroborating this interpretation. Cores of the siderite rhombs are also 

low in calcium and may be equivalent to the early infilling siderite although 

the cores are not usually associated with hematite. Iron contents of the 

infilling siderite and of the cores of the rhombs range from 72-93 mole %

(although within a sample locality, the range is usually only 5 mole %

FeCCO , The subsequent main period of siderite rhomb growth is characterized 

by high-calcium contents (8.5-13.5 mole % CaCO ) and again by a fairly broad
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Figure 14. Photomicrographs showing textural variations of the 
late-stage carbonate. Material overlying the rhombs is epoxy 
(ER-123 shows two generations of epoxy),

A) High-calcium siderite rhomb. Leaching at the base of 
the rhomb was followed by regrowth of carbonate. 
Rhomb overlies low-iron sphalerite, (ER-123, trans 
mitted light)

B) Hematite platelets intergrown with siderite in 
interstitial spaces. (PBB-32, reflected light)

C) Documented substages of siderite growth are shown; 
(1) low-calcium siderite + hematite, (2) high- 
calcium siderite, (3) low-calcium siderite. 
Siderite overlies quartz (grey) and sphalerite 
(white). (PBB-159, reflected light)

D) Siderite rhomb overlying quartz. Arrows indicate 
two prongs which may represent the earliest growth 
of this rhomb. The clear outer rim is high-calcium 
siderite, and the mottled inner potion is low- 
calcium and higher-manganese siderite. (PBB-32, 
transmitted light)
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range of iron contents (72 to 88 mole % FeCCL). A period of leaching 

ensued, predominantly of the low-calcium early carbonate. The last period 

of carbonate growth appears to have been low in calcium (1 to 7 mole % 

CaCCO and relatively low in iron (54 to 81 mole % FeCO~ but generally below 

70 mole %). It is not possible to distinguish this later substage from the 

earliest substage of siderite deposition unless iron contents are very low 

(suggesting the later substage) or hematite is present (suggesting the earlier 

stage) and/or growth textures are distinctive (fig. 14a). Figure 15c shows 

all of the above substages and illustrates that none are particularly dis 

tinctive visually.

No growth sequence has been discerned for the manganosiderite, and no 

correlations can be made between its compositions and those of the sideri- 

tic growth substages. It should be noted, however, that hematite is never 

present with the manganosiderite. The fairly broad range in iron content 

within most of the manganosiderite sample localities suggests that the 

intermediate composition is not simply due to alteration of siderite.

Several siderite rhombs which showed the greatest range in composition 

were examined in detail for the presence of fine-scale zoning. Electron 

microprobe traverses (3 y/sec) of two rhombs in sample localities PBB-130 

and PBB-32 showed that the distribution of iron was highly irregular. No 

systematic variation could be documented except for the probable presence 

of two relatively high-manganese prongs (fig. 14d) suggestive of a dendritic- 

type growth followed by infilling and formation of crystal faces. Electron 

microprobe raster scans of 80y x 64y areas also could define no composi 

tional zoning and suggested a patchy distribution of calcium, magnesium and 

manganese. Examination of the rhomb in figure 14d under the scanning 

electron microscope also suggested that the rhomb was a fine patchwork of
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scattered iron-rich and manganese-rich regions. However, the compositional 

differences seem to be too small to show substantial contrast between 

regions.

Compositional Zoning within the Main Vein Systems

No useful compositional patterns in either the rhodochrosite or the 

siderite-manganosiderite have been identified within any of the four major 

vein systems. Along the OH vein (plate Ib) , a few rhodochrosite localities 

lie in the very southern end, but the siderite-manganosiderite is the 

predominant carbonate along the rest of the vein. Within the siderite group, 

no systematic variation in composition can be related to vertical or horizon 

tal position. The three manganosiderite localities (PBB-44, PMB-BV, and 

PMB-K) appear to be randomly scattered among the siderite localities; the 

only other manganosiderite locality (PMB-LG) is isolated on the northern 

Amethyst vein (plate Ib) . Overall, the late-stage carbonate localities along 

the OH vein are concentrated in the upper two-thirds of the mined area. It 

is important to note, however, that the fluorite on which much of the late- 

stage carbonate grew has been extensively leached, and that, as a result, 

the late-stage carbonate has been preserved only on those locations where 

Stage C was protected from later solutions,

No systematic variations among the carbonate sample localities along the 

Bulldog vein (all containing only the early-stage carbonate) have been 

identified. However, carbonate is most abundant in the lower levels (plate 

la) , The P vein and Amethyst vein also show no distributional patterns with 

respect to carbonate compositions, possibly due to the paucity of sample 

localities (2 on the P vein and 9 related to the Amethyst vein) . Neverthe 

less, within each of these veins, as well as in the OH vein, the
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rhodochrosite localities are situated towards the southern end and the 

siderite towards the more northern. As the Bulldog mine is developed 

further north, rhodochrosite could very well give way to siderite, as 

happens along the other three major veins.

Minor and Trace Element Contents of the Creede Carbonates 

In addition to the major-element distribution in the Creede carbonates 

discussed above, minor- and trace-element variations can also provide 

important clues as to the nature of the ore fluid. Emission spectrographic 

analyses of five early-stage carbonates and three late-stage carbonates 

(table 4) show that both the early- and late-stage carbonates contain 

significant quantities of the following elements which are of geochemical 

interest: Ba, Sr, Pb, Zn and Cd,

Barium is present in all the carbonates, though in higher concentra 

tions in the rhodochrosite (84-1200 ppm) than in the siderite (4.4-7.4 ppm). 

Consequently, barium content could turn out to be a better discriminator of 

carbonate stages than the Fe/Mn ratio. Contamination of these particular 

samples with barite is unlikely. It seems reasonable that there was probably 

always plenty of barium in solution during rhodochrosite deposition because 

rhodochrosite deposition sometimes alternated with barite deposition. The 

low-barium values in the siderite samples suggest that there was little 

barium in solution when this carbonate was deposited because barium should 

have little, if any, preference between rhodochrosite and siderite. With 

the exception of the barite at sample locality PBB-159, neither barite nor 

barite molds have been found associated with the siderite stage. The 

strontium values are also noteworthy, especially because similar values 

occur in both the rhodochrosite (3,1-16 ppm) and the siderite (4.5-20 ppm).
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TABLE 4. E«i«»lon apectrographlc analyses of Creede carbonate*.

The standard deviation of any single answer IB +502 and -332.

Analyses by Norma Rait, U.S. Geological Survey.

Sample 

Element

SI X
AL X

PMB-JX

0.13
< 0.036

FE X 5.7
MC X 0.21
CA 2 0.94
NA 2 ' 0.53
K X i < 0.076
TI X
P X
HN Z

AC PPM
AS PPM
AU PPM
B PPM
BA PPM

BE PPM
BI PPM
CD PPM
CE PPM
CO PPM

CR PPM
CU PPM
DY PPM
ER PPM
EU PPM

GA PPM
GD PPM
GE PPM
HF PPM
HO PPM

IN PPM
IR PPM
LA PPM
LI PPM
LU PPM

MS PPM
KD PPM
KB PPM
ND PPM
NI PPM

OS PPM
PB PPM
PD PPM
PR PPM
PT RRM

RE PPM
RH PPM
RL' PPM
SB PPM

< 0.0076
0.84

41

5.2
< 170
< 11
< 3.6
370

1.0
< 25
< 36

< 100
< 1.1

4.0
5.6

< 36
< 52
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
< 76
< 25

410000
3.5

36
< 52
< 5.2

< 11
1000
< 1.7

< 76
< 7.6

< 52
< 1.1
< 3.6

< 110
SC PPM 3.1

SM PPM < 52
SH PPM < 7.6
SR PPM 3.1
TA PPM < 360
TB PPM < 36

TH PPM < 25
TL PPM < 11
TM PPM < 5.2 
U PPM < 360
V PPM 120

W PPM < 11
Y PPM
YB PPM
ZN PPM
ZR PPM

< 1.7
0.95 

3700
8.0

PMB-MP

0.13
< 0.036

5.2
0.24
1.1
0.15

< 0.076
0.020
0.75

40

25
< 170
< 11
< 3.6

1200

0.97
< 25
< 52

< 100
< 1.1

< 1.1
30

< 36
< 52
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
< 76
< 25

400000
4.0

34
< 52
< 5.2

< 11
95

< 1.7
< 76
< 7.6

< 52
< 1.1
< 3.6

< 110
4.4

< 52
< 7.6
16

< 360
< 36

< 25
< 17
< 5.2

< 360
120

< 11
< 1.7
< 0.76 

1100
< 7.6

EARLY STAGE

PMB-FW

0.087
< 0.036
0.85
0.10
1.3
0.32

< 0.076
0.029
0.12

44

2.0
< 170
< 11
< 3.6
390

4.1
< 25
< 36

< 100
< 1.1

< 1.1
5.3

< 76
< 52
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
< 76
< 25

440000
< 2.5
40

< 52
< 5.2

< 11
550
< 1.7

< 76
< 7.6

< 52
< 1.1
< 3.6

< 110
5.0

< 52
< 7.6

7.5
< 360
< 36

< 52
< 11
< 5.2 

< 360
130

< 11
< 1.7
< 0.76 

2200
< 7.6

(A) CARBONATE

PMB-MU

1.1
< 0.036

1.5
0.15
0.74
0.18

< 0.076
< 0.0076
0.69
37

17
< 170
< 11
< 3.6
570

0.80
< 25
< 36

< 100
< 1.1

< 1.1
95

< 36
< 52
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
< 76
< 25

370000
3.0

30
< 52
< 5.2

< 11
150
< 1.7

< 76
< 7.6

< 52
< 1.1
< 3.6

< 110
5.0

< 52
< 7.6

3.8
< 360
< 36

< 52
< 17
< 5.2

< 360
110

< 11
< 76

1.1 
1700
< 7.6

LATE STAGE fc) CARBONATE

PBB-112 <

< 0.17 i
< 0.036 '

7.6
0.17
1.5

> 5.2
< 0.076

PBB-32

< 0.17
0.072
28
0.67
2.1

< 0.0076
< 0.076

< 0.0076 ! 0.011
< 0.081 ! < 0.081
29

3.0 j
< 170 I
< 11
< 17 !

84

2.1 '
< 25
< 52
< 32
< 1.1

< 1.1
9.7

< 76
< 11 !
< 1.7 :

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
< 76
< 25

290000
< 3.6
20

< 52
< 5.2

< 11
220
< 1.7

< 76
< 7.6

< 52
< 1.1
< 3.6

< 110
35

< 52
< 7.6

2.8
< 360
< 36

< 52
< 11
< 5.2 

< 360
81

< 11
22
3.2 

> 11000
< 7.6

2.1

2.4
< 170
< 11
< 17

7.4

< 25
< 25
< 36
< 32
< 1.1

5.8
5.0

< 36
< 11
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11

H*

< 25

21000
< 5.2

4.6
< 52
< 5.2

< 11
120
< 1.7

< 76
< 7.6

< 11
< 1.1
< 3.6

< 110
2.1

< 52
< 7.6
19

< 360
< 36

< 52
< 11
< 5.2 

< 360
15

< 11
< 1.7
< 0.11 
680
90

ER-119

0.056
0.067

> 27
0.64
2.2
1.1

< 0.076
< 0.0076
< 0.081

1.2

0.71
< 170
< 11
< 17

7.3

< 25
< 25
120

< 32
1.9

4.5
7.2

< 36
< 11
< 1.7

< 2.5
< 7.6
< 5.2

< 110
< 7.6

< 7.6
< 17
< 11
H* 
n

< 25

12000
< 5.2
< 3.6

< 52
< 5.2

< 11
160
< 1.7

< 76
< 7.6

< 11
< 1.1
< 3.6

< 110
3.0

< 52
< 7.6
20

< 360
< 36

< 25
< 11
< 5.2 

< 360
45

< 11
< 1.7
< 0.11 

5000
40

PMB-LC

1.0
< 0.036
19
0.18
0.99

> 5.2
< 0.076
0.016

< 0.081 ,
19

0.68
< 170
< 11 ,
< 17

4.4 |

4.5 i
< 25 '
340 !

< 100 i
< 1.1

4.3
5.3

< 36
< 11
< 1.7

< 2.5
< 7.6
< 5.2

< 110< 7.6 ;
< 7.6 i

< 17
< 11
< 76
< 25 :

190000
< 5.2
10

< 52
< 5.2

< 11
550
< 1.7

< 76 '
< 7.6

< 52
< 1.1
< 3.6 ;

< 110
45

< 52 ;
< 7.6

4.5
< 360
< 36

< 52
< 11
< 5.2 

< 360
170

< 11
< 76
< 5.2 

> 11000
< 7.6

'H 1 denotes Interference for an element.
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The highly variable Sr/Ba ratios suggest that the strontium and barium 

contents were controlled by reactions that are beyond present observation.

Both the rhodochrosite and the siderite analyses show a broad range of 

lead and zinc contents* and two siderite samples show significant cadmium 

contents. The only two samples which might be contaminated by sphalerite 

and/or galena are PMB-JX and ER-119, However, sample selection for analyses 

was based on microscopic and macroscopic observations of the sample locality 

specifically to minimize the possibility of contamination. Most of the lead 

and zinc is, therefore, considered to be in the carbonate itself, and it is 

known (Deer and others, 1963) that zinc can substitute for manganese in 

rhodochrosite and for iron in siderite. The Zn/Cd ratios for the two samples 

in which cadmium was detected (ER-119 and PMB-LG) are 42:1 and at least 32:1 

respectively. These ratios are considerably lower than the more typical 

200:1 ratio for most of the sphalerite at Creede. However, a sphalerite with 

a similar low Zn:Cd ratio was found by microprobe analysis in one carbonate 

locality, PMB-LP.

In order to confirm that zinc and cadmium were present in solid solution 

in the carbonate and not as physical impurities, semi-quantitative electron 

microprobe analyses were carried out using sphalerite and greenockite as 

standards. The analyses ranged from below the limit of detection (approxi 

mately 1000 ppm) to 8400 ppm zinc and 2400 ppm cadmium for the rhodochrosites 

analyzed (PBB-132, PMB-MU, PMB-KA and PMB-LP) and to 7000 ppm zinc and 1800 

ppm cadmium for the siderites analyzed (PBB-28 and PBB-32). At these low 

levels and using sulfides as the standards, the error on the analyses is 

roughly ±10 percent of the amount present. The microprobe analyses show 

much higher average values for the zinc and cadmium contents and lower Zn:Cd 

ratios (2:1 to 8:1) than do the spectrographic analyses. This discrepancy
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may be due to the apparently extremely irregular distribution of these ele 

ments in the carbonates. There remains the possibility that the cadmium 

and zinc values might be supergene in origin, occurring as coatings on 

intricately etched primary carbonate. This origin would be consistent with 

the scatter of values and with the lack of relationship between the zinc and 

cadmium values from the microprobe analyses.

Other minor and trace elements detected in the carbonates include P, Ag, 

Cr, Cu, Mo, Sc, V, and Zr, The rhodochrosite appears to contain more silver 

than the siderite and also is rich in phosphorous. Although one might 

expect P and V to be related, they do not vary together.

Spatial Distribution of Carbonates

No sample locality has been found in which the early-stage and late- 

stage carbonates occur together. The early-stage carbonate is limited to 

the southern third of the central vein system whereas the late-stage 

carbonate is restricted to the northern two-thirds.

The manganese-rich early-stage carbonate is the only carbonate thus 

far found along the Bulldog vein (fig, 15a), It is very similar both in 

composition and texture to the carbonate found along the southern Amethyst 

vein (fig. 15b). This similarity suggests that these carbonates were 

deposited from the same type of fluids, and that therefore these two vein 

systems were open at the same time. By the same reasoning, the manganese- 

rich carbonate (PHW-A) found along the P vein (fig. 15c) was also probably 

deposited during the same period; this carbonate is the northernmost early- 

stage carbonate found, with the exception of the carbonate in the Equity 

mine.

Although the two Equity mine rhodochrosite samples (PMB-HT and PHW-BQ)
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Figure 15. Compositional ranges of early- and late-stage carbonate 
samples plotted within the system MnC03-FeC03-CaC03-MgC03 projected 
from the MgC03 apex and arranged according to vein system, Four 
sample localities (PBB-112, PBB-113, PMB-CI, PBB-25) have been 
plotted on both the Amethyst vein and OH vein figures. These samples 
are located in the area of structural discontinuity where the OH vein 
has lost its identity into a swarm of minor fractures and where the 
samples could have been in contact with depositing fluids from either 
the Amethyst or OH veins (or both).
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are similar in composition to the rhpdochrosite from the southern third of 

the Creede district, it is difficult to reach useful conclusions about them 

at this point. The Equity mine is geographically removed from the main vein 

system, and the minerals associated with the rhodochrosite are restricted to 

inesite (Ca Mn Si 0 (OH)   5H 0), which has not been identified in any 

other locality in the district, and quartz; no barite, which is so abundant 

in the southern third of the district, has been reported from the Equity 

mine. On the other hand, the wallrock alteration is mineralogically very 

similar to that along the OH and Bulldog veins. Overall, it appears that 

knowledge of the Equity mine is still too meager to permit judgement as to 

whether the ore deposition in the Equity mine was part of the main 

mineralization.

Late-stage siderite-manganosiderite-tocalities are restricted almost 

entirely to the OH vein (fig, 15d), Other siderite localities include one 

(PBB-159) of the two carbonate localities along the P vein (fig, 15c) and 

one locality (PMB-LG) along the northern part of the Amethyst vein, the 

northernmost late-stage carbonate found. Siderite was probably deposited 

further north, but the northern Amethyst vein is presently inaccessible. 

Siderite of the P-vein and manganosiderite of the Amethyst vein both have 

compositional ranges that are compatible with the range defined by the rest 

of the late-stage carbonates on the OH vein and were, therefore, probably 

deposited by similar fluids during the same time period. No siderite has 

been recognized along the southern Amethyst or Bulldog veins.

There are several possible interpretations for the geographic restric 

tions of the two stages of carbonate deposition in the Creede district. 

The predominance of the early-stage carbonate in the southern portions of 

the district suggests that the northern portions may not have been open



75

during the period of rhodochrosite deposition. The restriction of the 

rhodochrosite along the OH vein and P vein to areas near their intersection 

with the southern Amethyst vein, which was open at that time, would then 

also be understandable. All veins probably would have been open during 

siderite-manganosiderite deposition (Stage C) since the enveloping main- 

stage mineralization (Stages B and D) is present along all the veins.

An alternative explanation is that the early -stage carbonate was 

deposited throughout the district and was subsequently hydrothermally leached 

in the northern portions. Substantial leaching of rhodochrosite has been 

seen along the southern Amethyst and Bulldog veins. The isolated rhodo 

chrosite locality along the P-vein (PHW-A) could then easily be interpreted 

as a remnant that survived the extensive leaching. However, it is not 

possible to document the original extent of early-stage carbonate deposition. 

Only a few molds of rhodochrosite crystals (e.g., sample locality PMB-NB) 

have been found, probably because Stage A was nearly monomineralic and 

because leaching apparently took place prior to Stage B deposition.

Another explanation for the distribution of the carbonates involves the 

possibility that the rhodochrosite and/or siderite could represent a lateral 

facies which either died out completely or is represented by some other 

mineral assemblage further north or south respectively. The quartz overlying 

the wallrock in the OH vein could possibly be a northern facies of the 

rhodochrosite. Another alternative explanation is that the siderite might 

represent deposition from convecting hydrothermal fluids which had previously 

been in contact with and leached the rhodochrosite; the more iron-rich 

composition of the later carbonate may have been due to the presence of an 

iron buffer system.
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Carbonate Phase Relations 

Subsolidus phase relations in the binary systems CaC03~FeC03,

eC03» MnC03-FeC03 and in the ternary systems CaCC^-MgCC^-FeCC^ and 

CaMg(C03>2 - CaMn(C03>2 - CaFe(C03>2 have been examined through phase 

equilibrium studies by Rosenberg (1960; 1963a; 1963b; 1967; 1968). The 

general temperature range covered was from 550°C to 350°C, although some 

experimental runs at the lower temperatures were not completed because 

reaction rates were so slow, attainment of equilibrium taking several months 

or more. The experimental runs were carried out at CO- pressures sufficient 

to prevent dissociation of the carbonate. From these data and from addi 

tional data from previous investigations of binary carbonate systems, 

Rosenberg (1960) predicted the phase relations in the quaternary system 

MnC03-FeCO -CaCO -MgCO (fig. 16) at 450°C. Even though fluid inclusions 

studies (Roedder, 1965; 1977) show that the Creede ores were deposited at 

much lower temperatures (around 250°C), figure 16 is useful in that it 

shows a maximum size for the one-phase fields, which probably decrease only 

slightly in size at lower temperatures.

Figure 17 shows the microprobe analyses of the Creede carbonates pro 

jected onto the same base as in figure 16, The analyses were plotted 

separately on each triangle by projection from the appropriate fourth'apex. 

Only analyses with less than 30 mole percent FeCO and less than 30 mole 

percent MnCO were plotted respectively on the MnCO -CaCO -MgCO and 

FeCO -CaCO -MgCO triangles to avoid undue distortion of the data. All data
J 3 J

were plotted in the central MnCO -FeCO -CaCO triangle since MgCO contents
 J -J «J "^

are low. All except the six analyses from PBB-147 which contained greater than 

20 mole percent CaCO were plotted on the MnCO -FeCO -MgCO triangle.

Comparison of figures 16 and 17 shows that the Creede carbonate data
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Figure 16. Phase relations for the system MnCCL-FeCO -CaCO~- 
MgCO at 450°C.

Abbreviations: sid. = siderite

rho. = rhodochrosite

ct. = calcite

mag. = magnesite

dol. = dolomite

ank. = ankerite

s.s. = solid solution
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Figure 17. Compositional range of all the carbonate samples 
analyzed by electron microprobe plotted within the system 
MnC03-FeC03-CaC03-MgC03. Single-phase fields are shown within 
the system
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are consistent, for the most part, with the experimentally determined solid 

solution between siderite and rhodochrosite, It is interesting to note that 

the compositional range of each carbonate generation is more or less 

mutually exclusive (figs. 9 and 12), even though the combined analyses of 

both generations cover the entire range of solid solution, The compositional 

limitations within each generation suggest that the chemistry of the ore- 

fluid and/or the geochemical conditions under which deposition took place 

were more important than crystal chemical factors. The limited range in 

MgC03 contents in the MnCO -FeCO -MgCQ solid solution field suggests 

limitations due to the chemistry of the ore fluid.

The distinctive bimodal grouping of the siderite compositions is 

immediately apparent in figure 17, the break between the two groups being 

most apparent with respect to CaCO« contents. Comparison with figure 16 

indicates that even at 450°C, the higher-calcium siderites would fall in the 

two phase field of calcite + siderite. However, powder diffraction patterns 

of sample locality ER-119, a siderite containing predominantly the high- 

calcium siderite, show that these carbonates consist of only one phase. 

Measurement of a powder pattern taken with chromium radiation showed a unit 

cell with dimensions of a_ = 4.711 and c = 15.521. The sharp limitations 

on the compositional range of the high-calcium siderites suggest the 

possibility of a 9 to 1 ordering of calcium ions with the iron and manganese 

ions. However, x-ray precession photographs of single crystals showed no 

evidence of a superlattice. Hence, the high-calcium siderite must either 

represent a metastable phase or an unanticipated stable siderite-like phase 

field which perhaps should have a mineralogically distinct name. It is 

probably significant that the leaching of the late-stage carbonate that 

took place subsequent to high-calcium siderite deposition appears to have
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affected the presumably more stable low-calcium core of the rhombs than the 

high-calcium outer rim (figs. 14a and 14d) ,

Although all of the rhodochrosite analyses appear to fall within the 

one-phase field, the small subgroup of the high-calcium rhodochrosite 

exemplified by sample locality DH-23 (fig, lOa) was also examined using 

X-ray diffraction techniques. X-ray precession photographs of a single 

crystal of high -calcium rhodochrosite from locality DH-23 showed no 

superlattice, but the powder pattern permitted measurement of three similar 

rhodochrosite unit cells of varying degrees of sharpness (medium sharp: 

a = 4.781, c = 15.79; diffuse: a = 4.755, c = 15.65; very diffuse; a = 4.73, 

c = 15.59). The sharp cell would represent a carbonate with a composition 

falling roughly midway between the two main compositional groups in locality 

DH-23 (fig. lOa) . The diffuse cell corresponds with calculated measurements 

for the lower lefthand analysis in fig, lOa. The very diffuse cell would 

correspond with a slightly more iron-rich, calcium-poor analysis. The 

preservation of several reasonably distinct unit cells documents changes 

in the composition of the ore fluids which must have taken place in sharp 

increments rather than gradually.

Isotope Data

Isotopic study has become an increasingly important approach in the 

process of understanding the genesis of an ore deposit. At Creede, isotopic 

analyses of the carbonate minerals and of three associated quartz 

separates were carried out to evaluate the origin of the hydrothermal 

fluids for the carbonate stages and to determine the source of the carbon. 

These isotope data were gathered as part of a more comprehensive study 

done in cooperation with R. 0. Rye, the results of which will be reported
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in several additional papers. All isotopic analyses were carried out by

R. 0. Rye and J. Whelan, U.S. Geological Survey, Denver, Colorado.

18 13
The isotopic data are reported as 6 0, 6 C and 6D

where

1000

1 fi 1 fi 1*^ 1*7
where R is 0/0, C/ "C or D/H. The isotopic values discussed below are 

therefore not absolute values but represent relative deviations from a 

standard value. For oxygen and deuterium values, the standard used is 

Standard Mean Ocean Water (SHOW) (Craig, 1961 ). For carbon values, the
 *

standard used is the Chicago PDB standard (Craig, 1957),

Sixteen carbonate samples were chosen for isotopic analysis on the 

basis of compositional variations, distribution within the vein systems and 

position in the sequence of mineral deposition. Three quartz samples were 

chosen for isotopic analyses based on their textural relations with the 

carbonate, suggestive of contemporaneous precipitation. The deuterium 

values were determined directly from analyses of primary flu id -inclusion 

liquids from two rhodochrosite samples. The similarity among the values of 

the analyses suggests that secondary inclusions are not a significant prob 

lem. The oxygen and carbon isotopic compositions of the fluids were 

determined indirectly from calculations using the isotopic analyses of the 

carbonate minerals, which are presumed to be in equilibrium with the fluids

depositing them. The calculations are based on the calcite - H90 and "# *-

calcite - CO fractionation curves of O'Neil and others (1969) and Bottinga 

(1968 ) . The fractionation curves for rhodochrosite should be very close 

to those for calcite because fractionation curves tend to be mass dependent.
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For the quartz analyses, the quartz-H 0 fractionation curve of Bottinga and 

Javoy (1973) was used.

Isotopic fractionation between fluid and mineral is temperature 

dependent. It is, therefore, necessary to estimate the temperature of 

formation before determining the iso topic composition of the fluid from the 

mineral data. Fluid inclusion data from sphalerite, quartz, and fluorite 

have shown that temperatures at the time of ore deposition at Creede were 

around 250°C (Roedder, 1965; 1977; Barton and others, 1977), Although no 

fluid inclusion measurements have yet been made on the carbonates, fluid 

inclusions in the fluorite on which much of the siderite precipitated show 

a temperature range of 210° C to 270° C. Until better data are available, an 

average temperature of carbonate deposition of 250°C will be assumed on the 

premise that the temperature range during carbonate deposition was not

substantially different than during main-stage ore deposition. In addition

13 to being temperature dependent, <$ C values are also a function of pH, fQ

13 and the isotopic composition of the carbon (6 Cvr ) in the ore fluid. It is
L{j

assumed that at- Creede the pH is fixed by the hydrolysis of feldspar to

-1 33 sericite when s = 10 ' (pH = 5,4 at 250°C, essentially neutral).

Table 5 shows the isotopic compositions of the analyzed carbonate and 

quartz samples and of the waters from which they precipitated. The two 

carbonate stages appear to be very similar isotopically, the relatively

narrow range of oxygen values suggesting similar conditions during both

18 
periods of carbonate deposition. The calculated 6 0 values for fluids in

equilibrium with the carbonate at 250°C range from +4.2%. to +9.9%», with 

most values falling between +7%* and +9,9%* The two 6D values measured, both 

from the rhodochrosite stage, are -78%. and -82%o.

Isotopic fractionation between carbonate and associated quartz samples
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can be used to estimate temperature of deposition, However ? in using this 

technique a number of important assumptions must be made, First, it must 

be shown (or assumed) that the quartz and carbonate grew in isotopic 

equilibrium with each other (that is, grew together from essentially the 

same fluids). For this evidence, one is dependent almost completely on 

textural information. Second, the hydrothermal fluids must be assumed to 

have maintained a uniform isotopic composition over the period of time 

represented by the samples taken. Even if the isotopic composition of the 

fluids did fluctuate over time, it would still be possible to measure 

reasonable isotopic fractionation between the quartz and carbonate if their 

growth rates were similar; however, the isotopic values would then represent 

only an average of all the fluctuating isotopic compositions. Third, the 

assumption must be made that the original isotopic compositions of the 

minerals have been preserved. Fourth, the fractionation curves must be 

assumed to be reliable.

With respect to the fourth assumption, it must be noted that there is 

discrepancy among the three most widely used curves for the quartz-water 

fractionation (Clay ton and others, 1972, Bottinga and Javoy, 1973). Figure 

18 shows the three quartz-calcite fractionation curves calculated from these 

quartz-water curves and the currently accepted calcite-water fractionation 

curve (O'Neil and others, 1969). At 250°C, the expected fractionation of 

oxygen isotopes between quartz and calcite is either 2.19%o (curve A,), 

3.05%<, (curve A ), or 4,02%. (curve B) , All of the curves give positive 

values for the fractionation factors, meaning that the oxygen isotope values 

of quartz should be more positive than those for carbonate if the two 

minerals grew in isotopic equilibrium. However, the measured fractionations 

between the analyzed quartz-carbonate pairs are -3 . 5%* (PMB-KA) , ~3.63%«
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Figure 18. Plot of calculated quartz-calcite oxygen isotope 
fractionation curves based on three different models for the 
quartz-water fractionation. Calcite-water fractionation from 
O'Neil and others (1969). Quartz-water fractionation from 
Clayton and others (1972) (curves A^ and A2) and from Bottinga 
and Javoy (1973) (curve B; the value used in this study). 
Note that 6 1 Oquartz - 6 18ocaicite = 1000 lnaquartz-calcite» 
where otquartz-calcite is the fractionation factor.
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(PBB-1A5) and -6.24%«(PBB-147). These values indicate that the quartzes 

and the carbonates did not grow in isotopic equilibrium and that ? therefore, 

the quartzes and the carbonates must have been deposited from different 

fluids.

The oxygen isotope and deuterium values of the waters in equilibrium

18 with the carbonate minerals have been plotted on a 6 0-6D diagram (fig. 19)

along with the isotope values from various other minerals from Creede 

(sphalerite, quartz, sericite, chlorite, adularia) (Robert 0, Rye ? written 

communication, 1976). The solid symbols denote samples for which both 

oxygen and deuterium were determined; open symbols represent samples for 

which only the oxygen isotopes have been analyzed. The carbonates appear 

to fall into a unique grouping in figure 19, located along the lower 

boundary of a box defining the typical range of isotope values for waters 

of deep-seated origin. The three light oxygen values in the carbonate 

group are enigmatic, but probably represent real values since the three 

samples are from three different vein systems and from both carbonate stages. 

The scatter could be due to variations in the temperature of deposition. 

The range, of oxygen isotope and deuterium values for the carbonate waters 

at 250°C suggests that the carbonate fluids were either magmatic water or 

meteoric water which equilibrated with the country rock at near magmatic

temperatures. Note that the quartz samples of the quartz-carbonate pairs

18 
are more enriched in 0 (closer to the deep-seated water box) than almost

all of the other quartz samples. The similarity in the oxygen isotope 

compositions between the two carbonate stages makes it unlikely that the 

CO^ for the siderite came from leaching of the rhodochrosite by the domi- 

nantly meteoric ore fluids which characterized the quartz, sphalerite, 

sericite and chlorite. Had this been the case, the oxygen isotopes of the
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18
Figure 19. <5 0- D plot of the hydrothermal fluids in equili 
brium with the minerals during mineral deposition in the Creede 
mining district (temperature = 250°C). Solid symbols denote 
samples for which both &1&Q and SD have been analyzed; open 
symbols denote samples for which only 6^-°0 has been analyzed.
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siderite would surely be shifted towards the meteoric water line due to 

exchange with the transporting fluids.

It is possible that the quartz and carbonate could have been in 

isotopic equilibrium but that later re-equilibration at considerably lower 

temperatures (around 100°C) could have taken place. However, recrystalliza- 

tion textures have only been tentatively identified in the rhodochrosite 

stage and have not been seen in the perched-rhomb siderite stage. In 

addition, vugs in which the fluorite underlying the siderite was not leached 

must have been sealed off following Stage C deposition so that the siderite 

would not have had the opportunity to re-equilibrate with meteoric waters 

at lower temperatures. Several investigators have analyzed carbonates from 

other ore deposits such as Providencia, Mexico (Rye, 1966), the Bluebell 

mine, British Columbia (Ohmoto and Rye, 1970) and Casapalca, Peru (Rye and 

Sawkins, 1974) and have not reported any post-depositional re-equilibration;

however, they do report predominantly deep-seated sources for the carbonates.

13 
6 C values of the carbonate minerals range from -4.0%oto -8 t 2%»

(fig. 20 and table 5) and also imply a deep-seated source for the solutions 

which deposited the carbonate. These values suggest that the source of 

carbon is either the mantle, a large volume of homogenized crustal carbon 

or, less likely, a carbonatite complex. Also plotted in fig. 20 are three 

isotopic analyses of the earlier travertine of the Creede Formation, 

located on the periphery of the Creede caldera. The striking isotopic 

difference between this carbonate and the vein carbonate indicates two 

different sources for the carbonates. The very different trace- and minor- 

element contents of the travertines as compared with the vein carbonates 

are also consistent with two different sources. Steven and Friedman (1968) 

suggest that the travertine may have been deposited from meteoric waters at
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13 18 
Figure 20. 5 C-5 0 plot of the Creede carbonates (solid
circles) and of the travertine (solid squares) from the 
Creede Formation. Travertine data from Steven and Friedman 
(1968).
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low temperature from a sedimentary source; as noted earlier, it is just 

possible that both carbonate and evaporate units of Mesozoic age underlie 

the Creede district.

Geochemical Environment During Carbonate Deposition 

The mineral assemblages in ore deposits are the legacy of conditions 

that once existed. In a sense, they are akin to the punch line of a story 

when the rest of the story has been lost. Just as the general gist of the 

story can sometimes be deduced from the punchline, the conditions of 

deposition and the composition of the ore solution can frequently be de 

limited from the compositions and particular association of the minerals 

precipitated. In neither the story nor the ore deposit do the deductions 

represent an absolute truth, however, and   as has been suggested by 

Krauskopf (1968)   it is unlikely that the finest details can ever be 

worked out.

In order to use the precipitated minerals as evidence of the environ 

ment of deposition, the basic assumption must be made that the minerals 

precipitated were more or less in equilibrium with the depositing fluids. 

With respect to the Creede carbonates, the alternate leaching and deposition, 

especially of the rhodochrosite stage, implies that conditions at least 

bracketed equilibrium. Another important assumption is that no post- 

depositional changes have taken place. The presence of mineral zoning 

attests to the fluctuations in the composition of the hydrothermal solutions, 

to the lack of subsequent internal homogenization and to the lack of other 

post-depositional changes. The Creede carbonates show significant composi 

tional variation and some zoning, although the zoning is difficult to 

document due to the complex textures and to the near absence of visual aids. 

The intricate patchy nature of the iron and manganese distribution in the
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carbonate demonstrates that diffusion of ions was not particularly effective 

within the buried carbonate layers and that post-depositional changes haye 

been few. The precipitating carbonate was in all likelihood at least in 

surface equilibrium with the depositing solutions. Barton and others 

(1963) discuss in some detail the problems of discerning equilibrium in 

ore deposits.

Many variables influence the precipitation and compositional variation 

of minerals. Some of the more important variables with respect to ore 

deposits include pH, temperature, pressure, and the fugacities and species 

concentrations in solution. In this study, both temperature and pressure 

can be fairly well delimited. A temperature of 250°C has been chosen based 

on fluid inclusion studies, mostly of the later coarser-grained ore 

generation (Stage D), (Barton and others, 1977). Fluid-inclusion studies 

also showed that the ore fluids were boiling at times, suggesting a maximum 

pressure of approximately 50 bars (the pressure at which 1 molal NaCl boils 

at 270°C, the maximum temperature from fluid inclusions (Haas, 1971)).

Barton and others (1977) used phase equilibria and thermodynamic data 

to establish limitations on the geochemical environment during ore deposi 

tion along the OH vein. Table 6 lists the values chosen for the parameters 

necessary to define a reference environment of ore deposition and also 

shows the sources for the data. The reference environment refers to the 

most typical environment in which the characteristic OH vein mineral 

assemblage of galena + sphalerite (with 1 or 2 mole % FeS) + chalcopyrite + 

pyrite + hematite + chlorite + quartz would have formed. The stability 

fields of the minerals pertinent to the Creede ore deposit are shown in 

figure 21a. Note that the field of iron-rich chlorite, which is ubiquitous 

along the OH vein, usurps the field of magnetite, which is absent at Creede.
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TABLE 6. General Environmental Parameters for the OH Vein 
(From Barton and others, 1977).

Parameter

Temperature 

Pressure

Range observed

190-268°C 

40-50 bars

Value chosen 
for 

Reference Environment

250°C 

50 bars

Source
Qf

Information

fluid inclusions^ 

evidence of boiling

Depth

Salinity

Cl

Na/K

Total S

PH

500-600 metres

4 to 12 weight 
percent

0.92-1.86 molal 

7.4-9.9 molal 

0.018-0.30 molal

500 metres

6 weight percent 
1 molal

1 molal

9 molal

i

0.06 weight percent' 
0.02 molal

5.4

in fluid inclusions

estimated from 
pressure

analyses of fluid 
inclusions

analyses of fluid 
inclusions

analyses of fluid 
inclusions

analyses of fluid 
inclusions

calculated^

flost of the fluid inclusion evidence is from the later half of the 
mineralization which is much coarser-grained.

2 
Because of the problem of sulfur contributed by oxidation of sulfides
during sample handling, the lower total sulfur values are considered 
more reliable.

3
The common occurrence of nearly fresh sanidine in the wallrock immediately
adjacent to mineralization and numerous occurrences of adularia in sulfide- 
bearing vein filling throughout the OH vein strongly suggest that potash 
feldspar was indeed stable in the ore-forming environment. Minor amounts 
of sericite are found with the feldspar (though the nature of the distri 
bution of sericite makes its paragenesis somewhat ambiguous) and quartz is 
nearly ubiquitous; thus the potassium content of the ore fluid can be put 
Into the feldspar hydrolysis reaction to determine that the pH was 5.41, 
not far from neutral at 250°C (Montoya and Hemley, 1975).
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Figure 21. A) Log ag - log aQo diagram showing the stability 
fields of minerals pertinent to ore deposition 
on the OH vein. Temperature used is 250°C. The 
entire magnetite field is usurped by the chlorite 
field (shaded). The pyrrhotite-pyrite boundary 
is the same as the contour for 20 mole % FeS in 
sphalerite. Quartz is present throughout the 
diagram. From Barton and others (1977).

Abbreviations: py = pyrite, ccp = chalcopyrite, 
bn = bornite, hem = hematite, chl = chlorite.

B) Log ag - log a02 diagram showing the pertinent 
field for mineralization on the OH vein (tempera 
ture = 250°C; pH = 5.4). Heavy lines show 
boundaries between pyrite, pyrrhotite, chlorite, 
and hematite (see fig. 21A). 'A' represents the 
reference environment for conditions during main- 
stage ore deposition; 'F 1 represents the limit of 
transgressions by the ore solutions down the 
chlorite-pyrite buffer; other environments noted 
in the diagram are not pertinent to this paper. 
Excursions into the finely dotted areas are for 
bidden by the absence of pyrrhotite or bornite, 
or by a total concentration of sulfur in solution 
greater than 1 mole per kilogram. The coarsely 
dotted areas are unlikely environments due to a 
total concentration of sulfur in solution from 
0.1 to 1 mole per kilogram. From Barton and 
others (1977).
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Figure. 21. (continued)

C) Log ag 2 - log aQ 2 diagram showing the stability 
fields of pertinent manganese and barium 
minerals at 250°C and pH = 5.4 superimposed on 
the essential features of figure 21B. Mn2 0 3 
falls outside of the plotted field.

      rhodochrosite field when P_n = 50 bars;
V-/L/2

-»       rhodochrosite field when P__ = 2 bars;

     boundary between barite and witherite when 
P = 50 bars;
L.U2

_.. ...   ..   boundary between barite and witherite 
when P = 2 bars.

C.U2

D) Log ag - log aQ diagram showing the stability 
fields of pertinint iron and barium minerals at 
250°C and pH = 5.4 superimposed on the essential 
features of figure 21B. The dashed pattern shows 
the siderite. field when P = 50 bars.
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Figure 21b shows the more limited region of interest for mineralization. 

Mineralization could not have taken place in the finely dotted areas because 

of the presence of pyrite, hematite and chalcopyrite coupled with the 

absence of bornite and pyrrhotite at Creede, and/or because of a concentra 

tion of total sulfur in solution greater than 1 mole/kg, Concentrations of 

total sulfur greater than 1 mole/kg would cause larger freezing point 

depressions of fluid inclusion liquids than observed (Barton and others, 

1977). A range of total concentration of sulfur in solution of 0,1 to 1 

mole/kg is also unlikely and is shown by the coarsely dotted pattern in 

figure 21b. The reference environment for ore deposition is denoted by the 

symbol 'A* at the chlorite-hematite-pyrite triple point. Variations in the 

oxidation and sulfidation states in the OH vein fluids have been recorded 

by iron fluctuations in the sphalerite (containing from 0,1 to 20 mole % 

FeS); the high-iron fluctuations can be explained by excursions along the 

chlorite + pyrite buffer curve between the reference environment T A* to 

environment 'F 1 (fig. 21b),

To determine whether conditions during carbonate deposition were 

compatible with the reference environment, f A*, for main-stage ore deposi 

tion, diagrams similar to that of figure 21b have been constructed for 

minerals pertinent to the two carbonate generations. Figure 21c shows the 

mineral stability fields at 250°C for manganese oxides, sulfide, sulfate 

and carbonate and for barite and witherite. Figure 21d shows the mineral 

stability fields for iron oxide, sulfides and carbonate and for iron-rich 

chlorite. These diagrams were constructed using the procedure described by 

Holland (1959; 1965). Sources of the mineral data used are listed in 

table 7.

Calculations indicate that the dominant species of carbon is C0« rather
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TABLE 7. Thermodynamic data, and their sources, used in 
constructing figures 21c and 21d.

Reaction

Manganese

Mn + 1/2 02 -> MnO
Mn + 1/2 S2 -»  MnS
3Mn + 2 02 -> Mn304
Mn + 1/2 S2 + 2 02 -> MnS04
Mn + C + 3/2 02 -> MnC03
Mn + Si + 3/2 02 -> MnSi03

Iron

Fe + 1/2 S2 -> FeS
Fe + S2 -»  FeS2
2Fe + 3/2 02 -»  Fe203
3Fe + 2 02 -»  Fe304
Fe + C + 3/2 02 + FeC03

Miscellaneous Gases

C + 02  >  C02
2S  * S2
H2 + 1/2 02  > H20
H2°liquid ~* H2°gas

C + 2H2 -»  CH4
C + 1/2 02 -> CO
H2 + 1/2 S2 -* H2S

Miscellaneous Minerals

Si + 02 -> Si02
Ba + 1/2 S2 + 2 02 -> BaSO,
Ba + C + 3/2 02 -»  BaC03
Zn + 1/2 S2 ->  ZnS
Zn + C + 3/2 02 -»  ZnC03
PB + 1/2 S2 -»  PbS
Pb + C + 3/2 02 -»  PbC03

6.36H2 + 12Fe + 8Si + 1802 -»  
H12.73Fe12Si8036

AG°at 250°C 
(kjoule)

-346.219
-243.042

-1203.206
-899.032
-761.261
-1184.339

-126.775
-194.592
-939.057
-683.373
-635.008

-394.925
+46.195
-217.882
-15.32

-30.340
-157.436
-40.57

-815.215
-1300.065
-1107.112
-221.424
-670.046
-116.874
-573.342

-11,171. 2801

Source

Robie and others (in press)
u u tt tt
tt tt ti tt
it H u tt
tt tt tt u
tt tt tt it

Barton and others (1977)
Robie and others (in press)
Haas and Robie (1973)

tt tt tt

Wetlaufer (this study)

Robie and others (in press)
tt tt u ti
tt tt tt tt

Haas (1970)

Robie and others (in press)
Robie and others (in press)

u ti H it

Robie and others (in press)
u M ti tt
tt tt H tt
it tt tt tt

Robie and Waldbaum (1968)
u u tt tt
tt u ti tt

Barton and others (1977)

Calculated from the chlorite-hematite buffer reaction with log aQ~ - -34.2 
(Creede reference environment). Corrected from Barton and others (1977).
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than CO^CH or HCO . The possible range of carbon dioxide pressures was 

delimited by taking a maximum of 50 bars (see table 6) and by taking a 

minimum based on the reaction 

MnSi03 2

The rhodochrosite at Creede is stable with quartz (the system is quartz 

saturated) and no pyroxmanganite (MnSiO-) has been identified at Creede. 

Therefore, the minimum C0« pressure was calculated for which rhodochrosite 

was stable with respect to pyroxmanganite (log C0« = .295, or roughly 

2 bars) . It is assumed that this minimum can also be applied to the 

siderite stage because manganese silicate never appears to have formed on 

exposed rhodochrosite surfaces, some of which must have been at times in 

contact with the fluids depositing the siderite.

Figure 21c shows that at all C0_ pressures reasonable during rhodo 

chrosite deposition, the rhodochrosite field preempts the manganosite (MnO) 

field. This situation is consistent with the absence of primary manganese 

oxides at Creede; some secondary manganese oxides are present due to 

alteration of rhodochrosite. The rhodochrosite field also encompasses the 

reference environment, 'A', indicating that conditions during rhodochrosite 

deposition would have been compatible with those during main-stage ore 

deposition. The barite and witherite field boundary has also been plotted 

at maximum and minimum C0« pressures. The intimate presence of rhodo 

chrosite with barite indicates that they are stable together even though 

they did not co-precipitate. The limitations on the barite field suggests 

that although conditions during the rhodochrosite and barite stage were 

compatible with environment 'A' , they were not compatible with the brief 

excursions during main-stage ore deposition to environment F.

The low iron content of the sphalerite disseminated in the rhodochrosite
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supports the implication that rhodochrosite deposition would not have taken 

place near environment F (where iron content in sphalerite should be 20 

mole %). Electron microprobe analyses of the sphalerite in 3 rhodochrosite 

sample localities show up to 3 mole % FeS (mean of 0,4 mole %), up to 2.6 

mole % MnS (mean of 0.6 mole %) and from 0 to 4,5 mole % CdS, There appears 

to have been no significant post-depositional interchange of elements 

between the rhodochrosite and the sphalerite.

The proximity of the barite-witherite transition to the reference 

environment suggests that a closer look should be taken for the presence of 

witherite and at the barium contents of the rhodochrosite. Semi-quantitative 

analyses of the rhodochrosite (table 3) do show up to 0.12 weight % barium.

Calculations on the stability of the zinc and lead carbonates with 

respect to sphalerite and galena show that the pure carbonates are unstable 

at 250° at such low C0_ pressures. Nevertheless, small amounts of zinc and 

lead in the rhodochrosite were detected by electron microprobe and by semi- 

quantitative analyses. If a good thermodynamic model of the ZnCO~-MnCO~ 

solid solution were available, an estimate of the activity of the ZnCO. in 

the rhodochrosite at Creede could be made and used in further defining the 

C0_ pressure. Shikazono (1977) was able to use the zinc contents of 

siderites coexisting with sphalerite from two Japanese ore deposits to 

evaluate the redox conditions under which they precipitated.

Constructing a log ag - log aQ diagram pertinent to the late-stage 

carbonate is somewhat more complicated for the early-stage carbonate because 

the most recent thermochemical data in the literature predict too low a 

stability for siderite, even for the maximum CO pressure at Creede. That 

is, the existing thermochemical data deny the textural relations at Creede 

that indicate that the assemblage hematite + siderite is stable at 250°C



and 50 bars total pressure.

Based on the siderite-hematite assemblage at Creede, the range for a 

new free energy of formation of siderite at 250° has been calculated 

(AG° = -635 to -649 kjoule). The limiting values were calculated from the

equation

2FeCO + 1/2 0 £ Fe 0 + CO
 3 * * *L 3 £ 

assuming respective C09 pressures of 50 bars and of 2 bars and a log ag of*- 2

-33.78. This oxygen value was chosen because it represents the. maximum 

oxygen fugacity at which the siderite 4- hematite assemblage would be stable 

where total concentration of sulfur is less than 0.1 mole/kg (table 6, 

figure 21b). The iron content of coexisting sphalerite should be low at 

this oxygen fugacity (approximately 1.5 mole % FeS). Siderite does not 

appear to have precipitated simultaneously with sphalerite (or any sulfides), 

but its precipitation on unleached low-iron sphalerite (ER-119) indicates 

that low-iron sphalerite was stable with respect to the carbonate fluids. 

Table 8 shows the variations among the most recent predicted free energies 

of siderite at 250°C in the literature. The value for the free energy of 

siderite derived by French (1971) from measurements of the magnetite- 

hematite and graphite buffers comes the closest to agreeing with the 

stability suggested by the textural relations at Creede. French's free 

energy of formation of siderite is about 14 kjoule (3 kcal) lower than that 

suggested by the Creede assemblage, assuming the maximum C0_ pressure, 

which is well within the limits of uncertainty in French's experimental 

data.

The siderite field as plotted in figure 21d uses the value of 

AG° = -635 kjoule for siderite formation since it is closest to French's 

free energy value. The environment of deposition of siderite + hematite
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TABLE 8. Most recent proposed free energies of formation of
siderite at 250°C.

Source AG° at 250°C
(kjoule)

Robie and Waldbaum (1968) for S° )
} -615

Wagman and others (1969) for AH0 _ 0 1zyo /

French (1971) -6201 

Wetlaufer (this study) -635 (to -649)

Corrected for more recent magnetite data (Haas and Robie, 1973)
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Is fairly well delimited in figure 21d. The range of ac is limited byb2

the absence of pyrite with the siderite (although siderite is seen in con 

tact with pyrite so that these minerals could not have been too far out of

equilibrium) and by the absence of bornite. The range of a-, is limited by°2

the siderite-hematite boundary (which has been defined at log a_ = -33.78°2

due to the limitations of the total concentration of sulfur in solution (see 

figure 21b and table 6) and by the chlorite-hematite boundary.

The siderite-chlorite textural relations indicate that proximity of the 

siderite-hematite boundary to the chlorite-hematite boundary is both 

reasonable and probably necessary. There is no textural evidence for the 

coprecipitation of chlorite and siderite, and nor is there any indication 

of chlorite altering to siderite or visa versa. However, siderite must 

have been more or less stable in the presence of chlorite because chlorite 

was abundant before and after Stage C deposition. Therefore, whereas the 

siderite field must be larger than the chlorite field in figure 21d to per 

mit siderite deposition without chlorite deposition, it cannot be too much 

larger or the siderite might not be stable in the presence of chlorite.

Any physico-chemical change which expands the siderite field to a size 

larger than that of the chlorite field will favor siderite deposition. The 

most likely factor is an increase in the total carbon in the hydrothermal 

system. This increase could easily be brought, about by injection of a 

pulse of deep-seated, or magmatic, fluids, which is consistent with the 

source of the carbon and oxygen for the carbonates as indicated by the 

isotopic analyses. The volumetric and spatial restrictions of this 

carbonate stage suggest that the magmatic spurt was not large nor extended 

in time. Addition of only a relatively small amount of carbon is necessary 

since small changes in CO. pressure have a large effect on the size of the
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siderite field (e.g., a 10 bar decrease in CO pressure would shrink the 

siderite field as plotted in figure 21d at 50 bars pressure so that chlorite 

would become the stable phase).

Several factors, such as temperature, pH, and P changes, may have
CO2

caused siderite precipitation once the physico-chemical environment was 

within the siderite stability field. Temperature changes are probably not 

a deciding factor for siderite deposition because the temperature fluctuated 

considerably prior to siderite deposition (e.g., over a 60°C range during 

deposition of the underlying fluorite) without siderite deposition. An 

increase in pH would cause siderite deposition but would also cause the 

simultaneous precipitation of sulfides. Siderite rhombs are found overlying 

unetched sphalerite indicating that the fluids were saturated with respect 

to sphalerite. However, siderite and sulfides are never found intergrown, 

suggesting that pH changes were not an important factor. An increase in 

total C0_, besides making siderite stable over chlorite, would cause 

siderite precipitation. A small influx of magmatic fluids rich in C0« seems 

the most probable cause of siderite deposition and is consistent with the 

isotopic evidence suggesting different sources for the sulfide and carbonate 

fluids.

Conditions during rhodochrosite deposition were probably very similar 

to those during siderite deposition, the main discriminator between the two 

carbonates being only the Fe/Mn ratio. The similarity among the carbon 

and oxygen isotopes of the carbonates also suggests similar conditions of 

deposition for both carbonate stages.
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IV. CONTINUING STUDIES

Many aspects of the carbonate minerals at Creede remain to be investi 

gated. Of these, the more important are noted below. Study of the fluid 

inclusions in the carbonate is necessary to provide a more accurate 

temperature (or range of temperatures) of deposition for the carbonate 

stages. Fluid inclusions may also give some clues with respect to the 

possibility of recrystallization in the early-stage carbonate. Freezing 

studies of fluid inclusions will define the salinity and CO. concentration 

of the depositing fluids.

Additional mineralogical studies of the carbonates and of the minerals 

associated with the carbonates will also contribute to a better understanding 

of the role of the carbonates at Creede. The lead, zinc, barium and 

strontium contents in the carbonate and in the barite must be evaluated. In 

addition, examination of both the siderite and the rhodochrosite by trans 

mission electron microscopy should provide some insight into the frequently 

patchy nature of the compositional variations. The manganese variations in 

the chlorite are particularly important because the chlorite appears to 

have been the only other primary manganese-bearing phase in the Creede ore 

deposit. Detailed mineralogical study of the barite associated with the 

rhodochrosite (and with the one siderite locality, PBB-159) will help to 

define the geochemical conditions during carbonate deposition.

A look at the lead and strontium isotopes of the carbonates, barite, 

sericite, and adularia at Creede will aid in sorting out the diverse sources 

that the oxygen, hydrogen and carbon isotopes suggest. Rare earth contents
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should also be evaluated with respect to possible sources of the fluids. 

Sulfur isotope and minor-element studies of the sulfides encased in the 

rhodochrosite will also help to define respectively the source and the 

environment of deposition for the carbonate.
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V. SUMMARY

The carbonates at Creede are limited to two stages in the paragenesis. 

An early carbonate was deposited prior to the main ore deposition and a 

later carbonate was deposited during a major break in ore deposition. The

early manganese-rich carbonate is far more significant volumetrically (by a

3 4 
factor of 10 to 10 ) than the later iron-rich carbonate. Both stages are

limited spatially, the rhodochrosite restricted generally in the southern 

third of the vein system and the siderite-manganosiderite stage predominat 

ing in the northern two-thirds of the vein system. The similarity between 

the rhodochrosite along the Bulldog vein and that along the southern 

Amethyst suggests that these veins were open at the same time and saw 

similar fluids. Compositional variations within each carbonate stage appear 

to be so complex that neither temporal nor spatial significance can be 

extracted.

Consideration of thennochemical data shows that conditions for deposi 

tion of rhodochrosite were compatible with the reference environment 

proposed by Barton and others (1977) for main-stage mineralization. 

Conditions for deposition of siderite need not have been very different from 

those of the reference environment. In each case, only a slight increase in 

CO- probably brought about carbonate deposition. A number of assumptions 

have been made in order to compare the stability fields on fg - fg diagrams 

of the carbonates with those of the ore minerals. First, the CO pressure 

has been limited between 2 and 50 bars based respectively on the absence of 

manganese silicates and on temperature and salinity measurements of fluid



inclusions and the observation that some of them show evidence of boiling. 

Second, it has been assumed that the temperature of deposition remained 

fairly uniform at around 250°C during carbonate deposition. Third, a new 

free energy of formation was calculated for siderite as defined by the 

mineral assemblage seen at Creede because the available thermochemical data 

predict too small a stability field for siderite under the above conditions; 

the new free energy value falls within the experimental error of the most 

reliable recent data (French, 1971).

The carbon and oxygen isotopic compositions of the rhodochrosite and 

the siderite are very similar, suggesting a similar origin from a deep- 

seated source. The isotopes of the carbonates are decidedly different from 

those of the main ore-bearing fluids, which appear to have Keen of meteoric 

origin.

This paper proposes that each period of carbonate deposition was 

brought about by an influx of carbon due to the introduction of magmatic 

fluids. The early-stage carbonate was probably deposited during the initial 

burst of magmatic fluids from the buried pluton proposed by Steven and 

Eaton (1975). As the circulating hydrothermal system matured, it became 

dominated by lighter meteoric waters from which the early fine-grained ore 

was deposited. The late-stage carbonate precipitation was probably caused 

by a final spurt of magmatic fluid from, the pluton. The limited distribu 

tion and volume of the siderite suggest that the spurt was both brief and 

local. The higher-iron contents of the late-stage carbonate probably 

resulted from the presence of the pyrite<-chlorite buffer, which was not pre 

sent during early-stage carbonate deposition. Subsequent to siderite 

deposition, the heat from the pluton continued to drive the hydrothermal 

circulating system, again dominantly charged by meteoric waters, which
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deposited the coarser-grained ore stage. The importance of the carbonates 

to the Creede study lies in the fact that they provide the only unequivocal 

evidence of deep-seated, probably magmatic, contributions to the Creede 

ore-forming system.
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